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FOREWORD 


It is a privilege, as Chairman of the Iron and Steel Division, to preface 
this 167th volume of the TRANSAcTIONS A.I.M.E. and the 19th consecu- 
tive annual volume of the Division. The technical sessions and papers of 
the period covered by the volume were of high order, and the work of the 
various committees in the selection and preparation of material is highly 
commendable. In addition to this volume the National Open Hearth Steel 
Committee, Electric Furnace Steel Committee and the Blast Furnace and 
Raw Materials Committee each conducted independent programs and 
have published in separate volumes all papers and discussions pertinent 
thereto. These volumes are of particular value to those closely connected 
with the operation of steelmaking and preparation of materials. 

During the past year the Division executive committee has been par- 
ticularly grateful for the work of the Physical Chemistry of Steelmaking 
Committee under the chairmanship of T. S. Washburn; to the Division’s 
Publications Committee, of which C. M. Loeb, Jr., was the Chairman; 
and to the Programs Committee, of which J. S. Marsh was the Chairman. 
The high degree of excellence of the papers presented and the wide scope of 
coverage bespeaks much commendation for their efforts and careful 
selection. 

To comment particularly on the subject matter of this volume would 
require considerable space, but I cannot help but point to the very well 
chosen paper presented by Dr. T. L. Joseph as the 23rd Howe Memorial 
Lecture, on “‘ The Blast-furnace Process and Means of Control.” This is the 
first time that the blast-furnace process has served as the subject of the 
Howe Memorial Lecture, two other papers on pig iron having been previ- 
ously presented. Dr. Joseph’s work in blast-furnace and raw-materials 
research is outstanding, and the lecture herein contained does much to 
provide a clearer understanding and working knowledge of the blast- 
furnace process. 

Although belonging to the previous year, this volume contains the 22nd 
Howe Memorial Lecture, by Marcus A. Grossmann, on ‘Toughness and 
Fracture of Hardened Steels,” which marks an additional milestone in the 
somewhat slow progress toward an understanding of the reasons for the 
rather unpredictable property of steel known as “toughness.” 


W. E. BREWSTER, Chairman, 
Iron and Steel Division. 


Cuicaco, ILLINOIS 
September 23, 1946 
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The Howe Memoria! Lecture 


THE Howe Memorial Lecture was authorized in Apri! 1923, in memory of Henry Marion 
Howe, as an annual address to be delivered by invitation under the auspices of the Institute 
by an individual of recognized and outstanding attainment in the science and practice of 
iron and steel metallurgy or metallography, chosen by the Board of Directors upon recom- 
mendation of the Iron and Steel Division. 

So far, only American metallurgists have been invited to deliver the Howe lecture. 
It is believed that this lecture would gain in importance and significance were it possible to 
include metallurgists from other countries, but the Institute has not yet been able to do 
this on account of lack of special funds to support this lectureship. 

The titles of the lectures and the lecturers are as follows: 


1924 What is Steel? By Albert Sauveur. 

1925 Austenite and Austenitic Steels. By John A. Mathews. 

1926 Twenty-five Years of Metallography. By William Campbell. 

1927 Alloy Steels. By Bradley Stoughton. 

1928 Significance of the Simple Steel Analysis. By Henry D. Hibbard. 

1929 Studies of Hadfield’s Manganese Steel with the High-power Microscope. By John 

Howe Hall. 

1930 The Future of the American Iron and Steel Industry. By Zay Jeffries. 

1931 On the Art of Metallography. By Francis F. Lucas. 

1932 On the Rates of Reactions in Solid Steel. By Edgar C. Bain. 

1933 Steelmaking Processes. By George B. Waterhouse. 

1934 The Corrosion Problem with Respect to Iron and Steel. By Frank N. Speller. 

1935 Problems of Steel Melting. By E. C. Smith. 

1936 Correlation between Metallography and Mechanical Testing. By H. F. Moore. 

1937 Progress in Improvement of Cast Iron and Use of Alloys in Iron. By Paul D. Merica. 

1938 On the Allotropy of Stainless Steels. By Frederick Mark Becket. 

1939 Some Things We Don’t Know about the Creep of Metals. By H. W. Gillett. 

1940 Slag Control. By C. H. Herty, Jr. 

1941 Some Complexities of Impact Strength. By Alfred V. de Forest. 

1942 Time as a Factor in the Making and Treating of Steel. By John Johnston. 

1943 The Development of Research and Quality Control in the Modern Steel Plant. By 
‘~ Leo F. Reinartz. 

1944 Gray Iron—Steel Plus Graphite. By J. T. MacKenzie. 

1945 Toughness and Fracture of Hardened Steels. By Marcus A. Grossmann. 

1946 The Blast-furnace Process and Means of Control. By T. L. Joseph. 
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The Blast-furnace Process and Means of Control 


By T. L. Josepn,* MemBER A.I.M.E. 
(Henry Marion Howe Memorial Lecturet) 


It is a distinct privilege to participate in 
this meeting convened to honor the memory 
of Henry Marion Howe, a distinguished 
scientist and metallurgist. Many have 
added to our rapidly growing fund of 
metallurgical knowledge but few have 
made the unique contribution of formulat- 
ing basic concepts essential to an over-all 
comprehensive view of the subject of 
metallography. 

Of those previously selected to deliver 
this lecture, several have added a personal 
touch to their discourse because they were 
able to refer to their associations with Dr. 
Howe. It was not my good fortune to know 
him or to enjoy his inspiring influence. Like 
most of you, my contact has been with his 
published works, which are outstanding in 
that they provide lucid, detailed expositions 
of the nature and behavior of metals and 
alloys. His deep understanding and clarity 
of expression have greatly accelerated our 
progress in metallography and in the use 
of metals. 

The degree to which a man’s thinking, 
experimentation and writing contribute 
toward an understanding of basic laws and 
phenomena determines whether his life’s 
work is of transitory or permanent value. 
This occasion appropriately recognizes the 
fundamental importance of Dr. Howe’s 
pioneer work in the field of metallurgy. 

On two former occasions, gray iron was 
selected as a subject for discussion. The fact 

Manuscript received at the office of the 
Institute March 14, 1946. Issued as T.P. 2021 
in METALS TECHNOLOGY, April 1946. 

* Professor of Metallurgy, Minnesota School 
of Mines and Metallurgy, Minneapolis, Min- 
nesota. 


tT Presented at the Chicago Meeting, Febru- 
ary 1946. Twenty-third Annual Lecture. 


that the production of pig iron has not been 
discussed before does not reflect any lack 
of interest on the part of Dr. Howe or 
former lecturers in the process that under- 
lies the production of steel. 

Although Dr. Howe’s work in his later 
years centered around metallography, his 
earlier publications show a considerable 
interest in the production of iron and steel. 
He recognized that in the ascending spiral 
of metallurgical advancement we are not 
winding a single thread but are weaving a 
complex fabric. 

Specific evidence of his interest in the 
production of pig iron may be found in his 
book! on The Metallography of Cast Iron 
and Steel. In explaining why blast furnaces 
have been in constant use for about 600 
years, he says: “‘The process is economical 
because it utilizes with extraordinary com- 
pleteness the calorific power of the coke due 
to the thorough transfer of heat from the 
gaseous products of combustion to the 
charge.” This emphasis on heat transfer, 
overlooked in many more extended and 
more recent discussions of the blast-furnace 
process, illustrates Professor Howe’s ability 
to see the essentials. Other distinct advan- 
tages of the blast furnace, such as the 
removal of much of the sulphur and prac- 
tically all of the oxygen, were mentioned. 
It was also stated that although the blast- 
furnace process is complex in nature, its 
outward form is comparatively simple, thus 
permitting large-scale production at small 
labor costs. All who contemplate the produc- 
tion of metallic iron from its ores by any 
other process might well consider the 


1 References are at the end of the paper. 
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advantages of the blast furnace emphasized 
by Dr. Howe. 


POSTWAR SHIFTS IN EMPHASIS 


During the war, the output of pig iron 
was of paramount interest while fuel econ- 
omy, uniformity of operation, and close 
control of the process were of secondary 
importance. In the postwar period, there 
will be a shift of emphasis toward closer 
control over practice and toward more effi- 
cient operation. This will be a natural result 
of a more competitive market for steel. 
Output per unit will not, however, be 


because large furnaces offer 
economiés in reduced 
materials. The fact that unit capacity has 
been more than doubled in the last 25 years 


is good evidence that large furnaces offer 


neglected, 


costs above raw 


definite advantages. These advantages have 
not, however, come in the form of fuel econ- 
omy, and there is some question as to 
whether somewhat better control over large 
units is due entirely to an increase in 
furnace size or partly to the combined 
effects of a quarter of a century’s progress in 
several directions. 


Basic FEATURES OF SMELTING PROCESS 


An examination of some of the basic 
features of the smelting process and some 
of the major difficulties probably is the best 
means of determining how we can improve 
furnace practice. Operators are doing a 
remarkable job in furnace control, con- 
sidering the difficulties inherent in 
raw materials and some features of furnace 
practice. They could, however, do a much 
better job in controlling the composition 
of the iron if more attention were given to 
the size preparations of raw materials, 
particularly the ore. 

The major obstacles to greater efficiency 
and closer the 
problem of obtaining a more ideal counter- 
flow of gases and solids. Because it is 
possible to achieve a fair degree of control 
by maintaining a certain pattern of gas 


control center around 
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flow does not mean that this is a correct 
pattern or that we are taking full advantage 
of the principle of counterflow. The problem 
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Fic. 3.—ARRANGEMENT OF MATERIALS IN 
FURNACE MODEL. 


is difficult to resolve because there is con- 
siderable conjecture in any attempt to get a 
picture of conditions inside the furnace. 
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Ample evidence is available, however, to 
show that conditions are far from ideal. 
The work of Kinney? for the Bureau of 
Mines has provided pertinent information 





readily through the central area at the 
tuyere level but tend to follow the periphery 
of the bosh. The inevitable result is a much 
lower temperature in a relatively inactive 


to gas flow varies inversely as the 


RELATIVE RESISTANCE 
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of the average particle diameter 
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Fic. 4.—RELATION BETWEEN PARTICLE SIZE AND RESISTANCE TO FLOW OF GASES. 


on the extent of the combustion zones and 
also in conditions in the shaft. 

As a result of this work, it is now generally 
recognized that combustion is confined to 
rather small zones adjacent to the tuyeres. 

Tuyere-gas analyses of Kinney,? repro- 
duced in Fig. 1, show that under average 
conditions the oxygen content drops im- 
mediately from 21 per cent to about 14 
per cent, and then decreases gradually to 
about 1 per cent at 30 in. from the nose of 
the tuyere. Beyond 50 in. the gas is com- 
posed largely of CO and Ng, showing that 
combustion is confined to small areas. 
Attention is called to the fact that toward 
the center of the furnace the carbon 
monoxide increases to about 50 per cent 
whereas the nitrogen undergoes a large 
drop, from about 80 per cent to less than 50 
per cent. This dilution of nitrogen by car- 
bon monoxide formed with oxygen from the 
charge shows clearly that the gases from 
the small combustion zones do not flow 


central core (Fig. 2). Although no combus- 
tion can occur beyond about 50 in. from 
the tuyeres, we do not know how sharply 
the temperature or the effectiveness for 
smelting decreases toward the center. It 
seems quite clear, however, that the modern 
27-ft. hearth has a relatively large inactive 
core at the tuyere level and probably is 
more active along the periphery of the en- 
tire furnace. 


ARRANGEMENT OF MATERIAL IN FURNACE 


Although we have no precise information, 
the general arrangement of the material 
inside the furnace is believed to be similar 
to that shown in Fig. 3, which is a picture of 
a half-section model. In producing the 
layered arrangement shown, the model was 
first filled with coke, which was then 
removed through six areas corresponding 
with the pear-shaped combustion zones, 
in which substantially all of the heat and 
reducing power for the process are released. 
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As the material was removed, charges 
were dumped from the bell to maintain 
a constant level of the stock. For purposes 
of reproduction, limestone was used to 
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The layers of comparatively finely divided 
ore are thickest at the walls and taper 
to a point short of the center. Conversely, 
the coke layers are thinnest at the walls 
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Fic. 5.—VARIATION OF PRESSURE DROP WITH DEGREE OF PACKING (Furnas’). 


simulate ore charges between the dark 
layers of coke. 

It is not likely that the layered arrange- 
ment is preserved in the lower part of 
furnaces to the degree shown in this model. 
Mixing of layers probably occurs in the 
lower part of the shaft. However, the 
strong tendency for the layered arrange- 
ment to persist in the model leaves some 
doubt as to where mixing begins. In the 
upper part of the furnace, the materials 
assume the general arrangement shown in 
the model, which affords an insight into 
the distribution according to particle size. 


and thickest near the center. This particular 
arrangement of the layers is due to the 
difference in particle size and the resulting 
angle of repose. The position assumed by 
the ore and the distance it extends toward 
the center will depend upon its volume and 
angle of repose. For the ore layers, the 
angle of repose will average about 34° com- 
pared with 2734° for the coke. This dif- 
ference in the angle of repose of ore and 
coke has a pronounced effect upon the 
particle size distribution and the relative 
permeability of the stock column. Although 
the high permeability of the central area 
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is largely due to the absence of ore, large 
pieces of all raw material tend to roll to 
this part of the furnace. 
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Fic. 6.—GAs VELOCITY AT VARIOUS PLANES 
(Kinney®). 

As long as the materials exist as separate 
and distinct layers, large pieces of coke free 
from fines will promote permeability in the 
central area and throughout the coke layers. 
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Since the coke occupies about 60 per cent 
of the volume, more permeable coke layers 
will reduce the pressure drop through the 
furnace and hence promote smooth opera- 
tion. When mixing of ore and coke occurs, 
the beneficial effects of properly sized coke 
are lost, as will be brought out later (Fig. 
20). 

Comparatively thick layers and 
relatively thin coke layers suggest high 
resistance to gas flow next to the walls. 
This is not true, however, because the fur- 
nace batter and a somewhat faster travel of 
stock result in a loose packing of the charge 
and high gas velocities next to the inwall. 
With present raw materials, uniform gas 
flow is impossible. All we can hope for is a 
workable distribution to fit existing raw 
materials. A current job of all operators is 
to maintain at all times a proper balance 
between the gas moving up the center and 
along the walls. 


ore 


PATTERNS OF GAS DISTRIBUTION INHERENT 
TO PRESENT RAW MATERIALS AND 
CHARGING METHODS 


The path of the gas stream above the 
tuyeres is determined by the relative 
resistance of the charge in various parts of 
the furnace. Particle size and the degree of 
packing are predominantly important in 
determining the resistance to gas flow. 
When the size of particle falls below 3¢ in., 
the resistance increases rapidly, as shown in 
Fig. 4. Since the central portion of the 
charge contains little ore and large pieces 
of coke and stone, the inevitable result is an 
open, permeable center. In sharp contrast 
with this condition, the ore layers that are 
relatively thick next to the walls conta 
material predominantly smaller than 3¢ in. 
Were it not for the looser packing of the 
stock next to the walls, the resistance to gas 
flow would be high. However, as may be 
seen in Fig. 5, the resistance to gas flow 
changes sharply with variation in voids. 
The lower line represents an increase in 
voids of only 4.6 per cent but the resistance 





SE a eS mai Dean arene 





to gas flow as measured by the pressure 
drop through the bed is reduced to about 
one-half. With R equal to 0.03, the pressure 
drop falls from over 0.8 to about 0.4. This 
seems incredible unless we keep in mind 
that only 10 to 15 per cent of the total 
cross-sectional area is effective for gas 
flow. An increase of only 4.6 per cent voids 
may accordingly produce a large change in 
the resistance to gas flow. 

Although work on experimental fur 
naces had indicated wide variations in the 
velocity of the gas moving through various 
parts of the charge, it was not until Kin 
ney’s surveys of industrial furnaces became 
available that we knew with certainty that 
the radial distribution of the gases in the 
upper shaft is far from uniform. Variations 
in gas velocities across four planes are 
shown in Fig. 6. In the straight section near 
the stock line, where the ore layers are not 
subjected to the loosening effect of inwall 
batter, the velocities are very high in the 
center, with no wall effect. The effect of 
the large coke particles and the absence of 
small ore in the center is reflected in a 
central velocity of 480 ft. per sec. compared 
with 80 ft. at the wall. This observed varia- 
tion in gas velocity indicates an average 
particle size of about o.5 in. near the walls 
and 4.5 in. in the center of the furnace. 

Across a plane just below the straight 
section where the inwall batter is 1 in 
foot, there is a pronounced wall effect. The 
gas velocity at this level is comparatively 
high at the walls and reaches a low of 
50 ft. per sec. some 30 in. from the inwall. 
In the area beyond about 3 ft. from the 
wall, the thick ore layers are not subjected 
to the loosening effect of the batter 

This effect of inwall batter may become 
so pronounced as to produce a periphery 
with less resistance than the center 


per 


about 


of the 
furnace. Under these conditions the highest 
gas velocities would be at the wall, with 


a gradual reduction toward the center. 
Areas of high gas velocity are at relatively 
high temperatures, particularly in the 
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center of the furnace, where the heat capac- 
ity of the stock is low because coke weighs 
only about 30 Ib. per cu. ft. In this par- 
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7.—ISOTHERMS IN BLAST-FURNACE SHAFT 
(Kinney'*). 


Fic. 


ticular case, the temperature was as high 
in the center of the furnace, 6 ft. below the 
stock line, as it was 2 ft. from the inwall at 
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a level about 10 ft. above the mantle. 
In the regions of excessive gas flow the 
transfer of heat is not efficient because the 
temperature of the stock is relatively high, 


Sulphur in iron, percent Silicon in iron, percent 


Temperature of iron, “F 





to the point where it will settle regularly 
without some innovation such as high-top 
pressure. It would not, in other words, be 
feasible to operate the furnace if the ore 





Cast numbers 
FIG. 8.—RELATION BETWEEN SILICON AND SULPHUR AND THE TEMPERATURE OF CONSECUTIVE 
CASTS, 


thus reducing the temperature differential 
or the driving force for heat transfer be- 
tween the gas phase and the solid phase. 
Just as it is not possible to capture the 
sensible heat of the gases by the charge, 
there is also poor utilization of the reducing 
power of the gas in the areas of high gas 
flow. 

These differences in gas flow, tempera- 
ture, and gas composition from the 
periphery to the center may vary in degree 
from one furnace to another but irregulari- 
ties are always present when fine ore is used. 
The use of good metallurgical coke modifies 
these conditions but does not eliminate 
them. At normal rates of blowing with fine- 
ore charges, areas of high gas flow must be 
established in some parts of the charge to 
reduce the pressure drop through the stock 


© 


layers were of uniform thickness across the 
furnace because the pressure drop through 
the stock would reach the point where the 
stock would not settle. However, the 
necessity of having areas of high permeabil- 
ity creates a problem in maintaining a 
proper balance between the flow of gas 
along the walls and up through the center. 


GREATER PERMEABILITY NEEDED IN AREA 
BETWEEN WALLS AND CENTER 


What seems to be needed is an effective 
means for opening up the area between the 
walls and the open center. Because of 
restricted gas flow, the temperature in this 
part of the furnace is relatively low, as 
indicated by the isotherms in Fig. 7. 
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In other words, the area of low gas flow 
and low temperatures, as shown by the 
V-shaped dips in the isotherms, is not being 
used effectively. The solution to the prob- 
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TEMPERATURE VARIATIONS IN SHAFT 

INFLUENCE HEARTH TEMPERATURES 

Normally the hot blast is uniformly dis- 
tributed to the various tuyeres so that the 
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Distribution of casts ‘\ 
with temperature 
(452 casts) | 
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Fic. 9.—AVERAGE RELATION BETWEEN TEMPERATURE OF PIG IRON AND SILICON AND SULPHUR. 


lem requires an increase in the relative 
permeability of the area the 
periphery and the center. This can be 
accomplished most effectively by size prep- 
aration of the ore charge, which would 
eliminate the great disparity in this size of 
the ore and the coke. Aside from the prob- 
lem of increasing the efficiency by utilizing 
the shaft more effectively, such a change 
would make it much easier to maintain 
smooth operation and closer control over 
the analysis of the iron. 

An excess of gas along the periphery 
carries off a large amount of dust, rai 
the temperature of the inwall and thus 


between 


ses 


the wear on the lining. Although a large 
excess of gas through the center may relieve 
dust losses and lining wear, and permit 
more uniform peripheral distribution of the 
gas, it results in a loss of efficiency, | 
there is little ore in this part of the furnace 
to absorb heat and to utilize the reducing 
power of the gases. 


pecause 


heat of combustion is uniformly liberated. 
However, the amount of heat carried back 
to the crucible depends upon a balanced 
flow of gas. With efficient heat transfer, 
less heat is lost in the top gas and the 
charge carries more heat to the hearth. 
A balanced gas flow also results in less 
gasification of carbon above the tuyeres, 
which has a direct bearing upon hearth 
temperatures and iron analysis. Sudden 
changes in the pattern of gas flow accord- 
ingly may result in wide fluctuations in 
hearth temperature and in iron analysis. 


IrRoN ANALYSIS VARIES WITH 
TEMPERATURE 


Careful measurements show that tem- 
perature exerts a predominating influence 
upon the reduction of silica and desul- 
phurization. A drop in the temperature of 
the iron means a drop in silicon and a rise in 
sulphur as shown by variations from cast to 
cast in Fig. 8, and by average data in Fig. 
g. It is difficult to control iron analysis 
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2 
small ore charges would widen the area ‘ tk 
containing nothing except large pieces of i 0} 
coke, and thus permit more gas to flow : 
through the center of the furnace. Another 


because it is difficult to control shaft tem- 
peratures and in turn hearth temperatures. 
A number of expedients are available for 
changing the pattern of gas flow but the 





Fic. 10.—POSITIONS OF LARGE ORE CHARGE AND CHARGES OF NORMAL SIZE. 


operator is always at a loss to know condi- 
tions as they exist. 


MEANS FOR CONTROLLING GAS FLOW 


Large ore charges that extend all across 
the furnace at the stock level introduce 
more resistance to gas flow in the central 
portion and thus divert more gas to the 
walls. Periodic use of these large charges; 
shown in Fig. 10, furnishes one means of 
controlling the radial distribution of the 
gases or a properly balanced flow in the 
center and along the walls. Conversely, 


expedient for increasing the flow in the 
central area is to increase the resistance at 
the walls by lowering the stock line. As 
indicated in Fig. 11, the ore layers formed 
when the stock line is low are unusually 
thick next to the walls and act to blanket 
the flow of gases through this area. Other 
factors—speed of bell drop, bell clearance, 
and the arrangement of stock on the large 
bell—affect the radial distribution of the 
stock and in turn the path of the gas. 
Ore charges that do not move off the large 
bell readily and uniformly are deposited 
unevenly, as shown in Fig. 12. In this case, 
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the charge was finely divided and stuck to 
one side of the bell. 


PARTIALLY FLUIDIZED STOCK AND 
CHANNELING 


The securing of a properly balanced gas 
flow is complicated by the fact that 
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tendency of smaller particles to lift. 
However, when the flow exceeded this 
rate, fine particles were lifted and danced in 
the gas stream, resulting in a sharp decrease 
in the pressure drop through the bed. 
Experimental points fall below an exten- 
sion of the curve that shows the relation 


mn 


Fic. 11.—THICKER ORE CHARGES NEXT TO WALL AS RESULT OF LOW STOCK LINE. 


inequalities are self-aggravating, particu- 
larly at high blowing rates. The energy of 
the gas stream tends to lift small particles 
and to keep them in suspension between 
larger particles, which act to some extent 
as a retaining screen. As shown in Fig. 13, 
the pressure drop through the bed de- 
creases sharply once this lifting velocity is 
reached. At rates of flow up to 0.03 liters per 
sec. per sq. cm., the bed was static with no 


between flow and pressure drop before 
lifting; in other words, after lifting began 
the pressure drop increased more slowly 
as the rate of flow increased. Once the 
lifting of particles has slightly fluidized 
the bed, it is interesting to note that a 
much higher rate of flow can be main- 
tained for the same pressure drop through 
the bed. For example, the flow is about 
three times as great after lifting for a 
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MEANS FOR CONTROLLING Gas FI 
Large ore charges that extend all across 
the furnace at the stock level introduce 
more resistance to gas flow in the central 
portion and thus divert more gas to the 
walls. Periodic use of these large charges, 
shown in Fig. 10, furnishes one means of 
controlling the radial distribution of the 
gases or a properly balanced flow in the 
center and along the walls. Conversely, 
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thick next to the walls and act to blanket 
the flow of gases through this area. Other 
factors 


speed of bell drop, bell clearance 
and the arrangement of stock « 
bell—affect the radial distribution of the 
stock and in turn the path of the gas 
Ore charges that do not move off the large 
bell readily and uniformly are deposited 


unevenly, as shown in Fig. 12. In this case, 
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the gas stream tends to lift small! particles 
and to keep them in suspension between 
larger particles, which act to son 
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as a retaining screen. As shown i: 
the pressure drop through the b 
creases sharply once this lifting velocity is 
reached. At rates of flow up too 
sec. per sq. cm., the bed was static with no 
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between flow and pressure drop before 
lifting; in other words, after lifting began 
the pressure drop increased more slowly 
as the rate of flow increased. Once the 
lifting of particles has slightly fluidized 
the bed, it is interesting to note that a 
much higher rate of flow can be main- 
tained for the same pressure drop through 
the bed. For example, the flow is about 
three times as great after lifting for a 





pressure drop of o.2 through the bed. 
After the particles begin to lift, the pressure 
drop increases more slowly with increased 
rate of flow. This tendency to lift is not 


uniform throughout a bed, however, and 
small inequalities may start a channel, 
which enlarges quickly. 

Lifting of particles by the gas stream 
occurs in blast furnaces as normally 
operated, particularly in areas of high gas 
velocity along the periphery and in the 
center of the furnace. High blast pressures 
immediately after cast, and the apparent 
tightness of the stock column often manifest 
at this time, show that it takes a little time 
to get the column partly fluidized after the 
blast is reduced and the column has as- 
sumed a denser packing. If the lifting is 
uniform throughout whole areas and a 


Fic. 12.—UNBALANCED ARRANGEMENT DUE TO IRREGULAR MOVEMENT FROM THE BELL. 
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properly balanced flow is maintained, gas- 
solid contact is not sacrificed and much is 
gained from this partly fluidized condition 
in a more uniform stock descent, as a result 





of the decrease in pressure drop through the 
furnace. It is very difficult, however, to 
fluidize the stock uniformly and to prevent 
channeling and high dust losses. Fines in 
the ore and fast rates of blowing aggravate 
channeling. Two degrees of channeled flow 
are shown in Figs. 14 and 15. Small 
inequalities in resistance start channeling, 
which carries over dust and creates a 
looser packing, thus ultimately producing 
a bad channel. Some localized channeling 
no doubt occurs in the ore layers, but the 
most difficult type seems to result from 
unequal peripheral gas flow. 
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PERIPHERAL DISTRIBUTION OF THE GAS 


By means of surveys on a level about 
10 ft. below the stock line, and from con- 
tinuous records of inwall thermocouples, 
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slight differences in the permeability of the 
stock start a vicious cycle. A small channel 
is further aggravated by the lifting of 
particles of progressively increasing size. 
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Fic. 13.—EFFECT OF LIFTING OF FINE PARTICLES UPON THE PRESSURE DROP IN A BED (Furnas’). 


Johnson* found gross irregularities in the 
temperatures around the furnace. In the 
inwall temperature was high, surveys 
extending inward about 4 ft. showed that 
this whole side of the furnace was rela- 
tively hot. A condition of unbalanced 
temperature, such as that shown in Fig. 16, 
resulted from a badly balanced distribution 
of the gases. Time will not permit the 
detailed discussion this work deserves, but 
it should be mentioned in passing that poor 
peripheral gas distribution occurred at 
times on several furnaces normally worked 
to maintain a high degree of uniformity 
in the analysis of the iron. Unbalanced 
conditions appeared for no apparent reason, 
persisted for a time, then disappeared. 
The only explanation seems to be that 





An unbalanced peripheral distribution of 
the gas stream leads to unbalanced tem- 
peratures in the shaft, which persist to the 
crucible. Variations in hearth temperatures 
thus produced cause variations in the 
composition within a single cast and from 
one cast to the next. Furnace production 
and efficiency also suffer when the peri- 
pheral gas flow is unbalanced or the gases 
channel up one side of the furnace. The 
presence of fine ore in the charge restricts 
the gas flow in areas intermediate between 
the wall and the center, thus tending to 
increase the velocity of the gas along the 
walls and the likelihood of channeling. 
Elimination of fines from the ore burden, 
or some change in operation to reduce the 
velocity of the gas and the pressure drop 
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Fic. 14.—CONDITIONS OF BED WITH TWO CHANNELS RESULTING FROM SLIGHT DIFFERENCES IN 
PERMEABILITY AND MODERATE GAS VELOCITIES. 
Fic. 15.—CONDITION OF BED WITH RELATIVE HIGH GAS VELOCITIES AND EXCESSIVE CHANNELING. 
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through the bed, are needed to improve 
efficiency, uniformity of operation and 
uniformity of iron. If mechanical difficulties 
can be solved so as to make it practicable 
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to rob the process of heat, the coke rate, . 
according to Rice,‘ has increased with 
furnace size as shown in Fig. 17. If larger 
furnaces require more coke in spite of lower 
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Fic. 16.—TEMPERATURE SURVEYS MADE DURING POOR PERIPHERAL GAS DISTRIBUTION (Johnson*). 


to operate blast furnaces at elevated top 
pressures, a means will become available 
for greatly reducing gas velocities, chan- 
neling, and the pressure drop through the 
stock column. This innovation would per- 
mit the movement of a larger mass of gas 
through the charge at lower velocities by 
reason of a denser gas. 


Witt Larce Furnaces Sotve EXIsTING 
PROBLEMS? 


While large furnaces offer economical 
advantages, they have not shown any great 
promise for overcoming the conditions that 
limit tonnage, efficiency and control. In 
spite of proportionately less exterior area 





heat losses, they must have some features 
that tend to reduce their efficiency. 

There are good indications that the 
entire furnace volume is not used as effec- 
tively in the larger furnaces. McKee® and 
Rice‘ have examined data from furnaces 
with varying hearth diameters, to deter- 
mine whether the larger furnaces are burn- 
ing coke and producing iron in proportion 
to their size. As shown by the lower curve 
in Fig. 18, the amount of coke burned per 
minute per square foot of total hearth area 
has steadily decreased as the hearth diam- 
eter has increased. This is not surprising 
in view of the fact that the inactive 
central core at the tuyeres has increased 
substantially. 
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Fic. 17.—RELATION BETWEEN FURNACE SIZE AND COKE RATE (Rice*). 
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HEARTH DIAMETER, FEET 
Fic. 19.—CHANGES IN EFFECTIVE HEARTH AREA AS FURNACE SIZE INCREASES. 
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Actually, the ability of a furnace to take 
blast and burn coke is not fixed by hearth 
conditions but by conditions in the shaft 
that govern how much gas can be handled 
without encountering high dust losses and 
periodic hanging. Any furnace dimension 
that provides a yardstick of potential out- 
put must, therefore, be related directly or 
indirectly to the ability of the shaft to 
handle gases effectively. 

The middle curve shows that a s-ft. 
annulus is too small to be an index of 
effective furnace volume. As the hearth 
diameter has increased, the coke burned per 
square foot of this active annulus has 
increased. However, the coke burned per 
square foot of a 6-ft. annulus has held more 
constant as the furnace size has increased 
from 12 to 28 ft. It appears, therefore, that 
with typical raw materials, the 6-ft. annulus 
as suggested by Rice‘ gives a rough index 
of the volume of gases that can be handled 
and the amount of coke that can be con- 
sumed. For example, the straight line 
indicates that under average conditions 
about 3.6 lb. of coke can be burned per 
minute, or about 5200 lb. per day per sq. ft. 
of effective hearth area. 

The experimental points show a wide 
spread in all three curves because varia- 
tions in raw materials affect the ability of 
the furnace shaft to handle gases without 
encountering irregular operation. If more 
gas can be handled in the shaft, more coke 
can be burned. The indications seem to be 
that large furnaces cannot handle gas 
volumes in proportion to over-all volume. 
Extending this reasoning a step farther, we 
reach the conclusion that the gas stream 
does not flow as uniformly throughout the 
shafts of larger furnaces as in the smaller 
ones. 


INACTIVE CENTRAL Core INCREASES WITH 
HEARTH DIAMETER 


Using a 6-ft. annulus as a measure of 
effective hearth area, it becomes evident 
that there is an inactive core of substantial 


AND MEANS OF CONTROL 


size in a 27-ft. hearth (see Fig. 19). This 
raises the question as to whether we are not 
reaching the point of diminishing returns i: 
enlarging the hearth to get greater output 
A broad study of furnace performanc: 
will also show that large furnaces have no 
produced in proportion to total working 
volume. Although we have no 
furnace surveys to guide us, it appears that 
the larger furnaces work more along th: 
walls or periphery throughout their entir 
height. This additiona 
furnace height has been more effective i: 
the larger furnaces. Faster stock travel i: 
the outer area and a tendency for more ga: 


extensiv 


explains why 


reduced the 

time of gas-solid contact, which has bee 

partially corrected by additional height. 
It appears, therefore, that we cannot lo 


to follow the periphery has 


to furnace size as a means of removing th 
major obstacles to closer control and greate: 


eficiency. The use of sized ore and ag- | 


glomerated fines has led to record tonnages 
and smooth performance because such 
practice gets at causes for unbalanced ga: 
flow, poor heat transfer, poor reduction 
variations in hearth temperature and iro: 
analysis. In the past, the siructure an 
size of the coke have been emphasized in 
controlling gas flow 

smooth and efficient operation. 


maintaining 


No 


an d 


one 


will question the merits of good coke but 
the difficulty in fixing standards for quality j 
indicates that we are trying to accomplish j 
too much with the coke alone. The disparity} 


in size between metallurgical coke and fine 
ore creates a problem as a consideration oi 
the voids or passageways for gas flow wil 
indicate. 

Additions of large pieces to a bed o 
small pieces reduces the percentage 0: 
voids. As shown in Fig. 20, this reductio 
in voids continues up to about 65 per cent 
of the large constituent, or as long as therc 
is ample fines present to fill the space 
between the large pieces. Up to this point 
large pieces form areas of zero voids and 


accordingly act as single solid obstructions 
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LARGE CONSTITUENT, PER CENT 
FIG. 21.— MAXIMUM REDUCTION O} IDS AND MAXIMUM SIZE RATIO IN TWO-COMPONENT SYSTEMS 
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to the flow of gases. Beyond about 65 per 
cent of coarse material, the openings be- 
tween the large pieces become effective 
because there is an insufficient quantity of 
fine particles to fill them. 
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Fic. 23.—E¥F¥FECT OF BLAST TEMPERATURE ON 
FURNACE PRACTICE (Hoffman'®). 


It so happens that the large pieces of 
coke occupy about two thirds of the furnace 
volume and thus when mixed with fine ore 
give a minimum of voids. We prevent the 
mixing by charging the ore and coke in 
separate layers. The value of properly 
sized coke, accordingly, comes mainly from 
its effect in promoting the permeability of 
the well-preserved coke layers or in the 
central area where there is little if any ore. 
At any rate it appears that there are 


definite limitations on what can be accom- 
plished by changes in the physical proper- 
ties of the coke afid that other steps such 
as size preparation of the ore are needed to 
give a more positive control over the dis- 
tribution of the gas stream. 

The elimination of fine sizes of ore by 
agglomeration increases the percentage of 
voids and the permeability of the ore layers 
where they are relatively thick, and the 
resistance of the stock column as 4 whole is 
at a maximum. As shown in Fig. 21, sized 
material, be it large or small, contains the 
maximum number of voids. The greatest 
reduction in voids occurs when very large 
and very small particles are mixed. As 
the two fractions approach the same size 
there is comparatively little reduction in 
voids. 

Aside from opening up the densest part 
of the stock column thus facilitating a 
balanced gas flow, more effective use of 
shaft, and closer control, sized ore would 
reduce the pressure drop through the 
furnace and thus open the way to higher 
blowing rates and or higher blast temper- 
atures. 


IMPORTANCE OF BLAST TEMPERATURE 


High blast temperatures contribute to 
the smelting process in two ways, as shown 
in Fig. 22. More heat units are introduced 
with the blast and there is some reduction 
in the total heat required for a fixed amount 
of smelting work. About 1.8 million B.t.u. 
is introduced with 1000°F. blast, compared 
with about 2.3 million for a temperature of 
1500°F. This increase in the heat content 
of the blast for a 500° rise in temperature 
is not as large as one might expect because 
of a substantial reduction in coke and blast 
volume. The combined effects of reducing 
the total heat required plus the additional 
heat in the 1500° blast reduces the heat 
supplied by the coke by about one million 
B.t.u., which is equivalent to about 300 lb. 
of coke. 
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These relationships are not rigid but can 
be calculated with sufficient accuracy to 
show the general effect and the relative 
importance of blast temperature. The 
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POTENTIALITIES OF BENEFICIATED RAW’ 
MATERIALS 

Better size preparation of the ore will 

improve the gas distribution, heat transfer, 








3.6 x 395.85= 1425 LBS. COKE PER MIN. 


1425 x 54= 77,000 CFM. 


1425 x 1380 = 1,966,000 LBS COKE/DAY 


1,966,000 . 
1650 192 TONS/DAY 








42 x 395851660 LBS. COKE PER MIN. 
1660 x 542 90000 C.FM. 


1660 x 1380 = 2.291000 LBS COKE/DAY 
2.29000 , 
i449” «(636 TONS/DAY 


Fic. 24.—COMPARISON OF WIND VOLUMES, COKE RATES, AND TONNAGES ON HYPOTHETICAL FURNACE. 


entire generalized diagram is based upon 
the premise that only that fraction of the 
carbon charged which is burned at the 
tuyeres supplies heat. Comparatively small 
amounts of heat are released outside the 
tuyere zones from which hot gases carry 
heat and reducing power preferentially to 
the most permeable areas of the stock. 

The effect of high blast temperatures on 
production, fuel ratio and silicon in the 
iron are shown in Fig. 23, taken from 
Hoffman’s® report covering a decade’s 
practice on imported ores. An increase in 
blast temperature of 380°F. over the period 
1930 to 
decrease of 436 lb. in the coke rate and an 
increase of 275 tons in average daily pro- 
duction. No change was made in furnace 
dimensions, and no mention was made of 
marked changes in raw materials so that 
the improvement in practice can be 
largely attributed to the increase in blast 
temperature. 


1939 Was accompanied by a 


and decrease the pressure drop through the 
furnace, which in turn will open the way for 
higher blast temperatures and faster blow- 
ing rates. The combined effects of lower 
coke rates and somewhat faster blowing 
will raise the tonnage level substantially. 

An attempt is made in Fig. 24 to compare 
the tonnage level, using typical raw ma- 
terials and beneficiated raw materials in a 
furnace with a 27-ft. hearth. As shown 
earlier, we can expect to burn 3.6 lb. of coke 
per min. per sq. ft. of active annulus when 
using typical raw materials. This will 
amount to 1425 lb. per min., and a blast 
volume of 77,000 cu. ft. per min. Assuming 
60 min. of lost time, 1,966,000 Ib. of coke 
will be burned per day, producing 1192 
tons at a coke rate of 1650 pounds. 

With beneficiated raw materials, we can 
reasonably expect to raise the coke-burning 
rate to 4.2 lb. per min. per sq. ft. of active 
hearth area. Extending this value, we arrive 
at 1660 lb. coke per min., 90,000 cu. ft. per 
min., 2,291,000 lb. of coke per day, or 
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1636 tons of iron per day on 1440 lb. of coke 
per ton of iron. 

Applying these two rates of combustion better facilities 


to furnaces of varying size, we arrive at physical beneficiation of raw materials. 
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20 2 22 24 2 26 2 28 29 3 
HEARTH DIAMETER, FEET 
FIG. 25.—POTENTIAL TONNAGES WITH BENEFICIATED RAW MATERIALS. 


comparative tonnage levels for typical and 

for beneficiated raw materials, as shownin =, Henry Marion Howe. The Metallography of 

Fig. 25. With a 20-ft. hearth, we may expect Cast Iron, 25. New York, 1916. McGraw- 
~ . . Hill Book Co. 

840 tons with typical raw materials and . . ‘p Kinney. P. H. Royster, and T. L. 

about r1oo tons with beneficiated raw 


Joseph: Iron Blast Furnace Reactions. 
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materials. On a 27-ft. hearth, we can move U. S. Bar. Mines Tech, Pub. ap1 (nga7) 
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naces should be considered in thé light of 
what can be accomplished by providing 
for both chemical and 
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Toughness and Fracture of Hardened Steels 


By Marcus A. GrossMANN,* MEMBER A.I.M.E. 


(Henry Marion Howe Memorial Lecturet) 


THE Institute has established this lecture- 
ship to honor the memory of a great Ameri- 
can metallurgist, one whose fame has 
continued long after his passing. As one 
scientist recently stated it, “ All metallurgi- 
cal texts gradually become outdated and 
outmoded, except those of the great Henry 
Marion Howe.” It seems fitting, then, 
that, once every year, we should review, in 
his honor, some aspects of the science in 
which he was such a distinguished leader, 
and also discuss any new data that may 
help to clarify our concepts. It is my 
privilege, for which indeed I express the 
deepest appreciation to this Institute, to 
offer for consideration a few thoughts on 
the toughness and fracture of hardened 
steels. 

Before proceeding to the data, I wish to 
express my great indebtedness to many 
associates whose stimulating discussions, 
generous contributions of data and coopera- 
tion in experiments are gratefully acknowl- 
edged. (But I wish to absolve them of any 
blame that may arise from the way in 
which their discussions and data have been 
used!) First, Dr. Edgar C. Bain, Vice 
President, Carnegie-Illinois Steel Corpora- 
tion, whose amiable but merciless criticisms 
and always constructive and thoughtful 
suggestions help unfailingly to guard 
against pitfalls. Then to associates at 
Gary Steel Works, especially Mr. H. B. 
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* Director of Research, Carnegie-IIlinois 
Steel Corporation, Chicago, Illinois. 

t Twenty-second Annual Lecture. Scheduled 
1945, 
which was canceled. 


39 


Wishart, Mr. W. K. Smith and Mr. V. 
Elliott, for great assistance in securing 
data. Also to Col. C. H. Greenall, Director 
of Laboratories, Frankford Arsenal, and his 
metallurgical staff, including Messrs. J. K. 
Desmond, H. Markus, D. F. Armiento, 
H. Rosenthal and Henry George, for 
numerous data and illustrations. Further 
to Dr. J. R. Low and Dr. M. Asimow, for 
helpful discussions of effects of states of 
stress during deformation and rupture, to 
Mr. J. M. Hodge for discussions and data, 
to the staff of the U. S. Steel Corporation 
Research Laboratory for advice and data, 
and to the Metallurgical Staff at Duquesne 
Steel Works. The individual acknowledg- 
ments will also be found under illustrations. 
Acknowledgment is also due to Mr. S. C. 
Snyder for incredibly meticulous scrutiny 
of manuscript. To all of these, grateful 
thanks. 


INTRODUCTION 


The discussion to be offered here will 
deal with quench-hardened steels only, and 
may perhaps be considered under three 
headings: 

1. It was found that, when ferrite was 
precipitated in the (prior austenite) grain 
boundaries of hardened steel, the notch- 
bar toughness was much less than in 
pieces fully hardened. The fracture took 
place in the ferrite, and the loss in tough- 
ness is attributed to the lower cohesive 
(cleavage) strength of the ferrite, as com- 
pared with martensite. 

2. When notch-bar impact test pieces 
of quenched and tempered steels were 
examined as to their mode of fracture, it 
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was found that the fracture ranged from 
predominantly intergranular (characterized 
by bright facets) to predominantly trans- 
granular (characterized by dull fracture). 
The mode of fracture is influenced not only 
by composition and grain size, but also by 
tempering temperature. The intergranular 
type tended to be more extensive when the 
tempering temperature was raised from 
400°F. or lower, to 500°F. or higher. 

3. The well-known loss in toughness 
when the tempering temperature is raised 
from 400° to s500°F. appears to bear a 
relation to the change in mode of fracture, 
because of a loss in cohesive (cleavage) 
strength. This viewpoint is suggested by 
the mechanism of tempering, and is 
analogous to the above-described loss in 
toughness when ferrite is precipitated in 
martensite grain boundaries. 


TOUGHNESS OF HARDENED STEELS 


The search for “toughness” is never 
ending, though some may wish to para- 
phrase C. Hartly Grattan’s remark! and 
say: “If all the persons who seek high 
hardness without sacrifice of toughness 
were laid end to end, it would be a good 
thing.”’ Nevertheless, the problem has 
been subjected to scrutiny by many 
experimenters, in the hope of explaining 
certain anomalous behaviors. 

The term “hardened steels” in the title 
of the paper refers to steels that, having 
been hardened by quenching, are then 
tempered but moderately if at all, so that 
their hardness is still high. The toughness 
of such steels may be measured in several 
ways, but our data have to do mostly with 
the notch-bar impact test. 


Errect oF SHAPE oF TrEsTt PIECE 


The fact that we shall deal mostly with 
the notch-bar impact test means that the 
observed trends might differ, in degree 
even if not in kind, if a different form of 


! References are at the end of the paper. 


test piece had been used. As is well known, 
the “‘toughness”’ (energy absorbed in the 
breaking) of a notched bar depends on 
the temperature at which the test is 
carried out, the values being low (brittle 
behavior) when the testing temperature 
is sufficiently low, and high (tough behav- 
ior) when the testing temperature is high. 
However, Heindlhofer* long ago pointed 
out that the temperature at which a piece 
becomes brittle depends on the shape and 
the manner of testing of the test piece. 
Asimow*® says simply: “Plasticity is a 
relative behavior, depending on the system 
of stresses imposed on. the material.” 
Or, as Bain* says, colorfully: “‘ Metals are 
not brittle; shapes are brittle.” 

To obtain some data on the effect of 
shape of piece and of testing temperature 
in the specific type of steel to be discussed 
here, a WD 4150 steel of the following 
composition 


Per CENT : Per CENT 
Cc 0.352 Cr I.o! 
Mn 0.85 Mo 0.20 
0.016 Cu 0.14 
S 0.02 N 0. of 
Si 0.24 


was tested in three different forms of test 
piece, having been hardened by heating 
to 1600°F. and quenching in oil, followed 
by tempering at 400°F. The three forms 
are illustrated in Fig. 1, and were charac- 
terized by: (1) narrow notch, (2) large- 
radius notch, and (3) absence of notch. 
(Notches were ground after quenching and 
tempering.) Fig. 1 shows that in the 
absence of a notch the piece was toughest 
at about oF.; with the large-radius notch 
it needed to be warmed to at least 212°F. 
to reach maximum toughness; and with 
the narrow notch it needed to be warmed 
to 500°F. or more to be tough (meaning 
that the 400° temper could not even be so 
tested). The narrow notch, of course, 
represents a relatively higher degree of 
triaxial stress under the notch. The chart 
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also shows that, with this narrow notch and 
at these high hardnesses, the energy values 
are not particularly sensitive to small varia- 
tions in testing temperature near room 





MARCUS A. GROSSMANN 





41 


behavior easier, a larger grain size was 
provided by heating the steels to a much 
higher temperature than usual prior to 
quenching. We were at the time examining 
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Fic. 1.—EFFECT OF SHAPE OF PIECE AND OF TESTING TEMPERATURE ON ENERGY ABSORBED IX 


BREAKING | 


temperature, at which temperature the 
tests in the remainder of the paper were 
made. 


FRACTURE AT GRAIN BOUNDARIES 


In such quenched steels, certain observed 
fracture behaviors had suggested that frac- 
ture took place in grain boundaries, even 
when the steel had been tempered. To 
ascertain whether this was so, 
were made to fit together the two halves 
of broken notch-bar pieces or 
pieces, so that the junction could be studied 
microsopically, after sectioning, but, with 
our technique at least, these attempts were 
uniformly unsuccessful when the grain 
size was fine, as is ordinarily the case. 
In order to make examination of the grain 


attempts 


tensile 


Armiento). 


tensile-test bars of a chromium-molyb- 
denum 4150 steel containing 0.57 per cent 
C, 0.90 Mn, 0.021 P, 0.030 S, 0.26 Si, 
0.99 Cr, 0.21 Mo, and the coarser grain 
size was provided by raising the heating 
temperature from the usual 1500° up to 
2100°F. The pieces after quenching in oil 
were tempered at about 800°F. and the 
tensile piece pulled to fracture, whereupon 
the two halves were fitted together for 
examination. As anticipated, microscopic 
examination showed that fracture occurred 
in the grain boundaries, as illustrated in 
Fig. 2. This was very bad, as we did not 
realize that this was a special case. Instead. 
like all good metallurgists, we were satisfied 
with having proved a preconceived notion! 


Furthermore, there was nothing very 































42 TOUGHNESS AND FRACTURE OF HARDENED STEELS 


Stes Sage te NL IN 


eo ie 


ost se oleae wnasbenrtend 


conemagemagrnet ye 








= = de} * 


Fic. 2.—OcCURRENCE OF FRACTURE IN GRAIN BOUNDARIES OF QUENCHED AND TE MPERED STEEL. 
X 100. (R. Swanson.) 
“Sensitive tint’ illumination. 
Fic. 3.— FRACTURE OF COARSENED LOW-METALLOID IRON: a, X 100: 5. & >< 
Transgranular path indicated by arrows. 
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original about the finding, because Bain 
and Vilella®’ had already shown, for the 
case of coarsened high-carbon steel, that 
fracture occurred in the grain boundaries 
when the hardened steel was untempered. 
This is not to say, of course, that frac- 
tures in all steel were suspected of being 
in the grain boundary. For example, in 
coarsened “low-metalloid” iron the frac- 
ture is transgranular. A material was at 
hand of the following approximate com- 
position: C, 0.05 per cent; Mn, 0.05; all 
other elements low. It was coarsened by 
heating to 2400°F. followed by cooling 
in the furnace. Its hardness was Rockwell 
B-28 and it was quite brittle for such a 
material, showing Charpy values of 13 to 
16 ft-lb. Both on the main fracture and 
in the small branch fractures, the path 
of fracture was quite clearly across the 
grains, as indicated by the arrows in 


Fig. 3. 
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mium-molybdenum steel was available, 
but of somewhat lower carbon content, 
S.A.E. 4140, of the following composition: 
C, 0.42 per cent; Mn, 0.70; P, 0.020; S, 
0.019; Si, 0.27; Cr, 1.00; Mo, 0.21. This 
was low enough in carbon to provide con- 
siderable precipitation of ferrite in the grain 
boundaries when suitably treated, so for 
coarse grain size the steel was heated at 
2000°F. in CO atmosphere for 114 hr.; 
then, to precipitate ferrite (after equalizing 
the temperature at 1500°F.), it was cooled 
to 1300°F. and held there for the number of 
minutes indicated, then quenched in cold 
water and tempered at 400°F. The pieces 
had been made oversize, so that they 
could be ground to 10 mm. square to 
remove decarburized metal, and finally 
were notched by grinding with a narrow 
cutoff wheel to a depth of 2 mm. When 
broken as notch-bar impact tests, they 
showed energy values as given in Table 1.: 


TABLE 1.—Effect of Ferrite Precipitated in Grain Boundaries on the Energy Absorbed 
in Notch-bar Impact Tests, SAE 4140 Steel (W. K. Smith). 











| 

















No Ferrite Ferrite 
Time at 1300°F., o Time at 1300°F., 1 Min. | Time at 1300°F., 15 Min. 
| 
9.5 Izod Gs 11.2IzodG 3.5 Izod G 
7.8 Izod Gs 14.4 Izod G 4.7 Izod G 
>.2 Izod Gs 10.2 Izod G 3.1 Izod G 
1.7Izod Ge | 13.4IzodG 4.3 Izod G 
14.3 Charpy Ge | 15.4 Charpy G 3.2Iz0d G 
10.0 Charpy G- 15.5 Charpy G 5.4 Charpy G 
8.0 Charpy G- 10.5 Charpy F 5.8 Charpy G 
11.3 Charpy Fe 4.6 Charpy G 
| 5.3 Charpy FP 
BRE... 2 006s co e00 5% ae “si 10.2 12.9 6.3 Charpy F 
7.0 Charpy F 
UE Sn iis swan 4.8 


| 





* The designations Charpy and Izod do not refer to shape of notch, since all notches were of the shape ground 
by a thin abrasive wheel to a depth of 2 mm. The designations Charpy and Izod refer to the manner of placing 


in the testing machine—C 


harpy horizontal, struck at center; Izod clamped vertically, struck on protruding 


end. G means, broken at Gary; F, broken at Frankford. 


Nevertheless, our test led to an experi- 
ment that really did yield an interesting 
fragment of information. Since fracture 
in the hardened steel occurred in the grain 
boundaries, curiosity was aroused as to 
what the mechanical properties would 
be if the grain boundaries were occupied 
by thin layers of ferrite, A similar chro- 


The pieces with ferrite in the grain 
boundaries were consistently and strikingly 
more brittle than those without ferrite— 
that is, fewer foot-pounds were absorbed 
in breaking. Since the energy absorbed 
corresponds to the amount of deformation 
prior to rupture, it appears that when 
ferrite was present the piece needed to be 
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bent only a little to reach the rupture 
strength of the ferrite, whereas with the 
normal structure the piece bent much 
farther (more energy absorbed) before 
the rupture strength was attained. That 
the rupture in the ferrite-containing 
pieces did actually occur in the ferrite 
regions is amply attested in the appear- 
ance of the fractured pieces in the micro- 
scope. Figs. 4 to 7 illustrate behaviors in 
4140 Steel after a variety of treatments, all 
involving however a heating to a high 
temperature followed by holding at 1300°F. 
for stated times to precipitate ferrite. Thus 
in Fig. 4, near the main fracture, the 
incipient fractures are seen to occur most 
frequently in or adjacent to patches of 
ferrite, as indicated by the arrows. In 
Fig. 5, a branch rupture is seen to occur 
mostly through patches of ferrite. In Fi; 


cy 
ies 


6, several ruptures began in a single large 
patch of ferrite. In Fig. 7, arrows point 
to patches of ferrite in the main path of 


fracture as well as branch fractures 
through ferrite islands. 
An entirely analogous behavior was 


observed in SAE 2345, 3.5 per cent nickel 
steel, of the following composition: C, 
0.45 per cent; Mn, 0.72; P, 0.016; S, 0.029; 
Si, 0.24; Ni, 3.58; Cr, 0.03. When samples 
were heated to 2100°F. for 20 min., 
quenched directly in oil, tempered at 
400°F., and prepared with a ground notch 
as described previously, they showed an 
average Charpy value of 24 ft-lb., but 
when the 2100° treatment was followed by 
isothermal precipitation of ferrite at 
1160°F. (followed by oil quench and the 
400°F. tempering), the average Charpy 
value was only 6 ft-lb. and the rupture was 
again observed to be in the ferrite areas. 

The conclusion thus seems inescapable 
that the contribution (if it can be called 
that) of the ferrite lies in its low fracture 
strength. Evidently there is no oppor- 
tunity for the ferrite to flow (in shear), a 
behavior we are prone to associate with so 
soft a material as ferrite. Had the ferrite 


been able to flow, it would have absorbed 
energy in the flow process, and conse- 
quently would have contributed to greater 
toughness, rather than brittleness. In 
considering the stress situation in this 
case, it is to be remembered that there are 
relatively large volumes of a very hard 
material, martensite with a Brinell hard- 
ness of perhaps 500 to 550, bonded together 
by thin layers of a very soft material, ferrite 
with a Brinell hardness of possibly 80 or 
100. The ferrite consequently has no 
opportunity to flow, since it is bonded, as 
a thin layer, between hard 
martensite. 

Curiosity is aroused therefore as to how 
thick the layers of ferrite would have to 


masses of 


be, before conditions would permit shear 
with its resultant 
stated in more general terms, how great 
must be the proportion of soft material 
(in the presence of these hard masses) to 
permit shear flow and to cause toughness. 
Accordingly, pieces of the same 4140 steel 
were caused to transform for successively 
longer times at 1300°F., the last pieces 
after 6 hr. being completely transformed. 
The results are shown in Table 2. All pieces 
were austenized at 2100°F., then allowed 
to transform at 1300°F. for the times 
stated, quenched in oil, tempered at 400°F. 
and finally notched. 


flow, toughness; or, 


TABLE 2.—Effect of Proportion of Soft 
Structural Constituent on Notch-bar 
Toughness of Hardened 4140 Steel 
(W. K. Smith). 











oy ont mang 
. « Tri 
Time Hardness, Energy. of + omg 
- ° - Ti +1) \ " 
at 1300°F. Rockwell C Pt-lb. | peoriite). 
Per Cent 
51 17, 10 None 
$1 16, 9 None 
51 oe ee 
50.5 Ss & S| 2 as 
47 4 4 45 fF (+F 
47 4 4 4 
42 4.4 4, 18F +P 
19 7. 7 6 >soF+P 
6hr 7 Rc) (88 RB) 35,34.39 100F + P 





46 TOUGHNESS AND FRACTURE OF HARDENED 


As expected, the now familiar loss of 
toughness was thus observed when small 
amounts of ferrite were present in the grain 
boundaries. The surprising feature was 





Fic. 8.—RUPTURE IN PEARLITE. X 250. (Smith.) 
4140 steel partially transformed to ferrite and pearlite, balance martensite. Re = 


the fact that the steel had to be trans- 
formed (to ferrite and pearlite) to the 
extent of so per cent of its volume before 
even a small recovery of toughness was 
found. At this point the over-all hardness 
had dropped to 19 Re, surely a rather 
soft material, and yet the toughness 
(ft-lb.) had not even attained the value 
of the original ferrite-free hard material 
(hardness 51 Rc). As was to be expected in 
view of this behavior, the path of rupture 
was in the soft (low-strength) constituents, 
as illustrated by the rupture through the 
pearlite in Fig. 8. Micrographs of four 
typical samples, ranging from a very small 





STEELS 


to a considerable proportion of isothermally 

transformed ferrite and pearlite, are shown : 

in Fig. 9 in their undeformed state. : 
That the behavior with relatively large 





19. Ft-lb. =7 


amounts of ferrite and pearlite associated 
with hard martensite is probably typical 
of steels of this type was indicated by a 
similar test on a nickel-chromium S A E. 
3140 steel. Samples were prepared from a 
heat of the following ladle analysis: 
C, 0.38; Mn, 0.74; P, 0.018; S, 0.026; 
Si, 0.27; Ni, 1.39; Cr, 0.76. The samples 
were heated at 2100°F. for 20 min., trans- 
ferred to a salt bath at about 1240°F. 
(slight temperature fluctuations noted), 
held for the times indicated, quenched 
in water and finally tempered at 400°F. 
for one hour. All notches 


were then 


ground as before, and the specimens were 
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FIG. 9.—FOUR STRUCTURES SHOWING BRITTLE NOTCHED-BAR BEHAVIOR. X 100. (Smith.) 
4140 steel transformed at 1300°F. isothermally: a, 10 min.; 5, 20 min.; ¢, 1 hr.; d, 2 hr. (see 
Table 2). 





oe trae 


48 TOUGHNESS AND FRACTURE OF HARDENED STEELS 


broken as Charpy pieces. Table 3 shows 
for each treatment the average Rockwell 
C hardness, the energy absorbed (ft-lb.) 
and the observed microstructure; and shows 
that here again, with as much as 30 per 
cent of soft constituents, the pieces were 
still brittle. 


TABLE 3.—Effect of Proportion of Soft 
Structural Constituent on Notch-bar 
Toughness of Hardened SAE 3140 
Steel. (W. K. Smith) 





Aver- 
. age 
Time Hard-| Energy, Proportion of 
at r240°F. | ness,’| Ft-lb. |Ferrite (Plus Pearlite) 





None (direct | 53.3 |28, 39, 18] Very. slight trace of 


(quench). errite 
I min......| 53.2 |32, 25, 32| Very slight amount of 

, ferrite 
ee 53.3 | 9,10, 9| Small amount ferrite, 
possibly very slight 

: pearlite 

10 min......} 52.5 | 5, 5, 5| Considerable ferrite, 
‘ small spots pearlite 
, eer 38.7 | 6, 4, 5|30 per cent trans- 
formed. Rather 


large masses. of 
arlite with the 
errite 

Pec coicakd 18.2 |42,40,41| About 75 per cent 

transformed 














At any rate, it is clear from these tests 
that the presence of a small amount of 
ferrite, say 2 to 5 per cent in the grain 


boundaries of these hardened steels, leads - 


to brittleness. 

As to the reason for the brittleness, it 
may be pointed out that much greater 
amounts of soft constituent (at least 30 
to 50 per cent) had to be present before 
these soft regions could flow (in the notched 
bar) and the piece consequently become 
tough. This behavior emphasizes the 
thought that there was no possibility of 
any substantial amount of flow (in shear) 
of the ferrite when its amount was small, 
of the order of 2 to 5 per cent, when the 
rest of the steel was hard. Consequently, 
it is suggested that the embrittling effect 
of the ferrite is due to its weakness, its 
low disruptive strength in triaxial stress. 

This concept, that brittleness is some- 


times due to weakness, should perhaps be 
emphasized, because it must not be con- 
sidered to contradict the more familiar 
experience that brittleness is a charac- 
teristic associated with hardness and 
strength. Consider the general stress situa- 
tion when gradually increasing load is 
applied to a notched bar (resulting in a 
condition of triaxial stress under the 
notch). The following sequence obtains: 
(1) the stress increases, (2) the yield 
point is reached and the metal begins to 
flow, (3) work-hardening progresses as 
the flow proceeds, (4) eventually the metal 
is strengthened by work-hardening suff- 
ciently to support (without flow) the stress 
necessary to produce rupture, so that 
(5) rupture results. 

If the metal is hard and strong, its yield 
point in step 2 is already high, so that very 
little flow in steps 3 and 4 is needed to 
reach the rupture strength, even though 
that rupture strength be high. Hence there 
is but little plastic deformation before 
rupture, and the piece is “brittle.’’ This 
is the mechanism involved in the familiar 
experience that brittleness is an accom- 
paniment of hardness and strength. 

On the other hand, suppose there are 
planes of low rupture strength. In that 
case, even though the yield strength is 
lower than in the case described previously 
it would take only a little of the deforma 
tion in steps 3 and 4 to reach the postulated 
lower rupture strength. Hence in this case 
too there would be but little plastic 
deformation.before rupture, and the piece 
would be “brittle.” This is the mechanism 
involved in the concept that brittleness is 
sometimes due to ‘“‘weakness.” Let us 
therefore inquire a little into the question 
as to which areas are weakest when steel is 


_ fractured. 


POSITION OF WEAKEST PLANE IN STEEL 


Let us consider it to be obvious that 
when load is applied to a notched bar of 
steel the initial rupture occurring in the 
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region of greatest stress will occur in the 
plane of most pronounced weakness. True, 
the state of stress is not uniform in all 
directions, so that the aspect of unfavorable 
placing of the plane of weakness should be 
recognized—but in a piece of steel the 
grains are so numerous that there will 
always be a substantial number of grains 
whose weakest planes are placed unfavor- 
ably in relation to the stress, so that these 
would constitute the position of potential 
first rupture. 

We must now consider some evidence 
that the crystallographic position of the 
weakest plane in hardened steel is by no 
means fixed and constant but is rather 
fugitive and variable, being different in 
different steels and being affected also 
by the tempering treatment. 

Some curious evidence made its appear- 
ance in examination with a 
microscope, of fractures of a 


binocular 
nickel- 
chromium-molybdenum NE 8640 steel 
of the following composition: C, 0.39 per 
cent; Mn, 0.89; P, 0.014; S, 0.023; Si, 
0.32; Ni, 0.56; Cr, 0.51; Mo, 0.26. Pre- 
liminary observations had suggested that 
the fracture appearance was different 
with different grain sizes, and also varied 
as a result of tempering treatments. Conse- 
quently, a series of grain sizes was im- 
parted to the steel by heating samples to 
2000°, 2100°, 2200° and 2300°F., followed 
by quenching in oil. For each heating 
temperature, samples were left untem- 
pered, and others were tempered at respec- 
tively 400°, 500° and 700°F. The pieces 
were then notched and fractured and the 
fractures examined with the binocular 
microscope. 

To aid in documenting the appearances 
observed, the reader is first invited to 
examine Figs. 10 to 14, which are repre- 
sentative of the several samples of coarsest 
grain size (quenching temperature 2300°F.) 
as observed with the binocular microscope. 
(Directions for viewing these stereoscopic 
micrographs are given under Fig. to.) 
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Fig. 10 shows the fracture of the hardened 
steel, as quenched, without tempering. 
The fracture shows an interspersing of 
rough areas and smooth areas, and there 
is moderately good evidence that the rough 
areas represent fracture across the grains 
(transgranular), and that the smooth, 
shiny facets represent grain-boundary 
surfaces (intergranular). By contrast, as 
an example of smooth, shiny facets, one 
may observe the character of the fracture 
in Figs. 12 and 13, where practically all 
of the grain facets are shiny. As to the 
belief that the smooth, shiny facets repre- 
sent grain boundaries, one may refer to 
the early work of Bain and Vilella.* They 
showed, in micrographs of coarsened high- 
carbon, plain-carbon steel, that the fracture 
was in the grain boundaries. The fractured 
surface of such steel, when the grains are 
coarse, generally shows only shiny facets 
under a binocular microscope. Our own 
micrographs, including Fig. 1 in this paper, 
merely duplicate the evidence of Bain and 
Vilella that shiny facets represent grain- 
boundary fracture. Incidentally, at ade- 
quate magnification on the _ binocular 
microscope, the surfaces of the individual 
grains are seen to exhibit the slightly 
curved appearance known to be charac- 
teristic of grain surfaces when masses 
of metallic grains are separated along 
their grain boundaries, corresponding to 
the slightly curved grain boundaries of a 
plane section viewed on the metallurgical 
microscope. A corroborative item, indi- 
cating that each individual facet represents 
a single grain, is the circumstance that 
occasional shiny fracture facets show the 
parallel striations characteristic of twin- 
ning, and that each individual manifesta- 
tion of twinning extends across a single 
facet only. (The twinning of the parent 
austenite grain of course has often been 
observed in coarse martensite in polished 
and etched plane sections viewed on the 
microscope.) This view, that the shiny 
facets (in hardened steel fractures) repre- 
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F1G. 10.—FRACTURE OF HARDENED 8640 STEEL AS QUENCHED, WITHOUT TEMPERING. STEREOSCOPIC. 
X 24. (H. George.) 
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sent individual grain-boundary surfaces, quench crack), and a rough transgranular 
received support in many observations break is visible in Fig. 11. The best that 
of fractures under the binocular microscope _ can be said is that, in view of such evi- 
and of polished and etched sections of the dence as is available, it has seemed clear 
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Fic. 10a.— DIRECTIONS FOR VIEWING STEREOMICROGRAPHS. 


After a little practice, the stereoscopic micrographs of Figs. 10 to 14 may be caused to appear 
in relief without the use of a stereoscope. 

As in the drawing herewith, each illustration consists of two views (slightly different) of the 
same field, separated by a line AB as in the drawing. The illustration is placed flat on the desk, 
a piece of cardboard C is set vertically on line AB, and the observer views the illustration from 
the end of the cardboard. In this way the left eye sees the left-hand illustration only, and the right 
eye the right-hand illustration only. 

An 8 by 1o-in. cardboard is usually a convenient size. An observer wearing bifocal glasses 
should of course use the ‘‘reading”’ portion. The illustration should be so placed in relation to 
lighting (window, etc.) that the two portions are illuminated equally, avoiding shadows from 
cardboard C. 

Fig. 10 consists of three illustrations, of different widths. As pointed out by F. Seitz, the 
closer together the two portions are placed, the easier does the stereoscopic viewing become. 
However, close placing means that the field of view common to the two portions is narrower. 
Hence, the easiest illustration to see stereoscopically is the narrowest one in Fig. 10, but the 
field is the most limited. 

Having placed the illustration and cardboard as described, the observer should look at the 
narrowest illustration (both eyes open, of course) until the stereoscopic effect appears. With 
most observers, it will be necessary to continue looking for a period of time during which the 
image will continue to look “‘flat,’”’ and then the stereoscopic effect will suddenly appear. In a 
group of observers of these illustrations, the time from first observation to stereoscopic appearance 
(in this narrowest illustration) varied from a few seconds to five or six minutes. (This has nothing 
to do with “good eyesight,” but involves “‘stereopsis.””) Once the stereoscopic effect has appeared 
on the narrowest illustration, the observer should proceed to the next wider one, and when this 
has been observed stereoscopically should proceed to the widest one. Here again observers differ, 
as some who quickly observed the narrowest one took longer time for the wider ones, and vice 
versa. In observing Figs. 11 to 14, Fig. 10 may of course be used for practice. 


usual type in the course of the present work. to us that the bright facets represent 
Somewhat less clear is the evidence that pure grain-boundary separation, and that 
the rough appearances in the fracture rough fractures do not and are probably’ 
represented transgranular fracture, but  transgranular. 

Fig. 15 shows a typical partially trans- On this basis, let us examine Fig. 11, 
granular fracture as observed on a sec- which is representative of the same 
tioned plane of a piece as quenched (a quenched steel but tempered at 400°F. 
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Fics. 11, 12 and 13.—FRACTURES OF QUENCHED AND TEMPERED 8640 STEEL. 
Fig. 11, tempered 400°F .; Fig. 12, 500°F.; Fig. 13, 700°F. 
FiG. 14.—FRACTURE OF COARSENED LOW-METALLOID IRON. ALL STEREOSCOPIC. X 24. (7. George ) 
For viewing directions, see Fig. roa. 
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The fracture is still (on the basis above) 
partly grain-boundary and partly trans- 
granular. Contrasting with this is the 
appearance in Fig. 12, representing steel 





While the fractures of Figs. 10 to 13 are 
characteristic of steels quenched and 
tempered, needless to say other types of 
fractures may be encountered in ferrous 





Fic. 15.—FRACTURE OF HARDENED 4150 STEFL. X I00. 
Partially transgranular break indicated by arrows: (a) as quenched (quench crack); (bd) 
quenched and tempered (fracture on bending notched bar). 


tempered at s5oo°F. In this the facets 
are almost entirely bright and are charac- 
teristic of grain-boundary fracture through- 
out. Further, in Fig. 13, when the steel 
was tempered at 700°F., the facets are 
bright, the fracture is thus presumably 
entirely in the grain boundaries, and the 
appearance is quite like that when the 
tempering was at 500°F. This bright 
fracture appearance persists up to temper- 
ing temperatures of at least 800° or goo’F., 
and often higher. 


materials. As an illustration, the fracture 
of the low-metalloid iron of Fig. 3 is 
recorded in Fig. 14. 

Postponing temporarily any discussion 
as to the reasons for the rough or the shiny 
modes of fracture in Figs. 10 to 13, one 
is impressed by the mere fact of the pro- 
found change in nature of the fracture, 
when comparing the steels tempered below 
400°F. with those tempered above that 
temperature. Further, as stated previously, 
there had been indications that the fracture 
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changed with the grain size. Therefore 
we should now record the observations 
on the NE 8640 steel with its variety of 
treatments mentioned previously (quench- 
ing temperatures, 2000° to 2300°F.; tem- 
pering, none to 700°F.). 

As a basis for tabulating the appearances 
of the various fractures, let us merely 
recognize that in a fracture we may see the 
two types of appearance: (1) the shiny 
facets, and (2) the rough areas. Further, 
since these are the only two types observed 
in such hardened steels, the classification 
of the fracture may state solely what 
percentage of its area consists of bright 
facets, the balance being understood to 
be the rough areas. The appearances of 
the fractures of the NE 8640 steel may 
consequently be classified as in Table 4. 


TABLE 4.—Proportion of Bright Fracture in 
Fractured Surfaces 























Of Total Fractured Area, 
Following Proportion was 
timated to Consist of 
Bright Facets, Per Cent 
Ovenshed! Temper mes 
ing lew 
ay Veith | Binoouls 
wit in r 
Unaided | Micro- | Average 
Eye scope, 
X 30 
2300°F. None 50 50 50 
400° 50 50 50 
500° 100 = 100 
700 100 99 
2200°F. None 20 50 35 
400° 20 15 18 
500° 100 98 99 
700 100 100 100 
2100°F. | None 10 5 8 
| 400° 10 3 7 
i 500) 90 97 94 
| 700 j 90 95 93 
2000°F. | None 5 2 4 
| 400° = 5 
| §00 80 i 80 80 
| 700° | 80 85 83 





Table 4 emphasizes strongly a feature 
already observed in Figs. 10 to 13; namely, 
the difference in mode of fracture in all 
samples tempered at 400°F. and below, 
when compared with those tempered at 
500°F. and above. This difference is most 
striking in the pieces quenched from 2100° 


and those from 2000°F. In these cases the 
pieces tempered at 400°F. and below 
showed only about 5 to 10 per cent shiny 
facets (95 to 90 per cent rough), whereas 
those tempered at s500°F. and above 
showed 80 to 95 per cent shiny facets 
(only 20 to 5 per cent rough). We shall 
presume to speculate a little about this 
behavior presently. We have used the 
phrase “‘400°F. and below” because the 
mode of fracture found in any steel after 
a 400°F, tempering has been found (in tests 
of numerous steels) to be quite charac- 
teristic of lower tempering temperatures 
as well; for example, 300° or 350°F. We 
have used the phrase “ s500°F. and above” 
because, as indicated previously, the 
mode of fracture observed after a 500°F. 
tempering was characteristic also of tem- 
pering temperatures up to 800° or goo’F., 
and in some cases even 1000° or 1100°F. 

Another feature appearing in Table 4, 
considering now the tempering tempera- 
tures 400°F. and below, is the fact that, 
when the grain sizes were finer as a result 
of lower heating temperatures prior to 
quench, the proportion of shiny facets 
decreased (proportion of rough fracture 
increased). The grain sizes ranged from 
0, for the 2300° quench, down to about 
2 to 3 for the 2000° quench. Thus the first 
feature found to affect the mode of frac- 
ture was the tempering temperature, and 
now the second feature found to affect 
it is the quenching temperature, the latter 
involving a change in grain size. 

A third feature that affects the mode of 
fracture is the composition of the steel. 
As mentioned previously, Bain and Vilella‘® 
showed that, in hardened high-carbon, 
plain-carbon tool steel, coarse grained 
and untempered, the fracture takes place 
in the grain boundaries. Their work was 
done on the Shepherd and Jernkontoret 
fracture standards. Examination of the 
coarser fracture standards, with the binocu- 
lar microscope, usually showed 100 per 
cent shiny facets. This compares with only 
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50 per cent shiny facets in the NE 8640 
steel, at even the coarsest grain size, and 
of course even less at the finer grain 
sizes. Anent this trend with grain size in 
the NE 8640 steel, a similar trend was 
observed in the carbon tool steel, for 
whereas the coarser grain sizes showed 
100 per cent shiny facets, the finer grain 
sizes showed appreciable proportions of 
rough fracture. 

This suggested an obvious little experi- 
ment. Since the tool-steel fracture stand- 
ards not only showed a range of grain 
sizes, but were found to vary in their 
mode of fracture as well, it seemed probable 
that a person 
inevitably 


fractures would 
be swayed by 


reading 
roughness of 
fracture as well as by grain size. Conse- 
quently, a mere change in mode of fracture 
might person into thinking 
that a change in grain size was neces- 
sarily involved. For example, Table 4 
shows that tempering above s500°F. pro- 


mislead a 


vides a mode of fracture different from 
tempering below 400°F. Could this mislead 
an expert reader of fractures? A test was 
made, using the four samples of NE 8640 
steel quenched from 2000°F. Since all 
were quenched from the same tempera- 
ture, they all had the same grain size; 
they varied only in tempering temperature, 
but this influenced the mode of fracture. 
The fractures were judged with the unaided 
eye independently by two expert fracture 
readers, who had no prior knowledge of 
the thoughts or experiments described here. 
As far as they knew, these were simply 
four samples of which they were asked to 
judge the grain size. Their readings are 
given in Table 5. 

TABLE 5.—Grain-size Readings, N.E. 8640 

Steel, Quenched from 2000°F. 





| 
| 





Tempering, Deg. F. Reader A Reader B 
DRG. oka 46 (few 3's) 544 
400... ; 4 (few 3's) 4% 
SOO. .ccscee . cool EFS 246 
NS caress + + Gk ee 2 
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The rougher fracture of the pieces 
tempered at 400°F. or below thus misled 
these experts into assigning a much finer 
grain size than was present in reality, 
for microscopic examination showed that 
all samples were about alike, as follows: 


TEMPERING GRAIN SIZE 
None 244 with few 1's 
700°F. 2 to 3 with few 1’s 

In other words, when judging the NE 
8640 fractures by comparison with the 
tool-steel fracture standards, the expert 
readers agreed that the samples tempered 
below 400°F. apparently had a grain size 
about No. 5, whereas they actually had a 
grain size about No. 2, but this real grain 
size became apparent only when the pieces 
were tempered above 500°F. 

These findings raise disquieting ques- 
tions about the rating of grain size by the 
use of a single set of fracture standards: 

1. Must there be a separate set of 
fracture standards for each different 
composition of steel (or group of com- 
positions)? This question is raised because 
we have seen that, when the tempering 
temperature was 400°F. or below, the 
mode of fracture of N.E. 8640 steel was 
quite different from that of the standard 
high-carbon tool steel, resulting in incor- 
rect estimates of grain size. 

2. If pieces to be judged as to grain size 
have been tempered, must there also be 
standards that have been tempered at 
corresponding temperatures? This question 
is raised because of the profound change in 
mode of fracture when comparing pieces 
tempered below 400°F. with those tem- 
pered above s500°F. 

3. Would fracture grain-size readings be 
more reliable if it were specified that all 


"pieces (both sample and standards) be 


tempered at 500°F. or above? This ques- 
tion is raised because it would offer a 
partial solution, though an imperfect one. 

The variations in mode of fracture 
described have now been observed in 
low-alloy steels, 


numerous carbon and 
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and, in view of the findings, the whole 
scheme of rating fracture grain sizes from 
a single set of fracture standards seems 
called in question. 

On the other hand, this should not be 
construed as any criticism of (or as 
casting any doubt upon) the use of the 
Shepherd or Jernkontoret fracture stand- 
ards for judging the grain size of carbon 
tool steels. Those fractures were standard- 
ized for use with carbon tool steels; they 
are themselves made of carbon tool 
steels, their mode of fracture is the same, 
and for their intended purpose they are 
entirely reliable. (Metallurgists proceeded, 
perhaps incautiously, to apply these 
standards to other steels, so that if there 
was any lack of caution, it should be 
charged to the metallurgists and not to 
the tool-steel fracture standards!) 


RELATION OF VARIATIONS IN MODE 
OF FRACTURE TO VARIATIONS 
IN MECHANICAL PROPERTIES 


The foregoing discussion has commented 
on certain variations in the mode of 
fracture of hardened steels. Inevitably the 
question arises, are these variations in 
fracture appearance associated with any 
variations in mechanical properties? Conse- 
quently, it is of interest to record certain 
data on the “toughness” of such steels 
as measured by the notch-bar impact test. 

Behaviors typical of the low-alloy steels 
were found in five heats of WD 4150 steel 
of which the compositions are given in 
Table 6. 


TABLE 6.—Compositions of W.D. 4150 
Steels Tested 
Per CENT 





| | 
Stell C |Mn| P | S bs Cr Mo| Ni | Cu 
| | 
0.48 0.82'0.015 0.014 0.25 0.96/0. 210.08 0.02 
0.52 0.85 0.016 0.023 0.24 1.010.200.060.14 
|\0.54'0.78 0.018 0.023 0.18 0.98 0.21:0.09 0.14 
(0.48 0.75 0.026,0.021 0.20 0.98 0.24 0.09.0.04 
a a 
' ! 











OmgoY 


; 
| 





In the prior processing, bars of about 
3-in. diameter were forged to small bars 
about }4 in. square, from which were cut 
standard size Charpy bars, which were 
left unnotched. The pieces were heated, 
quenched and tempered, the notch being 
cut after all heat-treatment was completed. 
(The notch was ground with a thin abrasive 
wheel, as described earlier, about ¥¢ in. 
wide, 0.079 in. deep.) The heating tem- 
perature in various tests ranged from 
1475. to 1600°F., and the quench ranged 
from oil to 10 per cent brine. In this group 
of steels, there was no detectable variation 
due to heating temperature in this range, 
or to change in quenching medium, com- 
pared to a recognizable variation due to 
change in steel and the marked variation 
due to change in tempering temperature. 
The tempering range was from no tem- 
pering to 600°F. The average change in 
notch-bar breaking energy with change 
in tempering temperature is recorded in 
Table 7 and plotted in Fig. 16. 


TABLE 7.—Effect of Tempering Tempera- 
ture on Noich-bar Toughness of Five 
Heats of WD 4150 Steel 





Foot-pounds after Following 








Lempering: 

Steel 
None 400°F 500°F é oP 
A 4.8 26.5 18.2 20.9 
c 2.3 6.2 14.9 16:6 
D 2.6 9 10.7 13.5 
E 3.5 8.1 12.0 14.1 
G 3.4 17.0 14 7.4 





Table 7 and Fig. 16 show that these 
steels follow the familiar pattern of low- 
alloy steels, in that the notch-bar toughness 
increases at first as the tempering tempera- 
ture is raised, up to a temporary maximum 
when the tempering is at about 400°F.., 
followed by a falling off to a new minimum 
at about 500° to 600°F. This is followed 
finally by a sharp increase when the 
tempering is at still higher temperatures, 
such as 800° to 1100°F., not shown here. 
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It seems of interest to speculate about the 
reason for the decrease in notch-bar tough- 
ness, when the tempering temperature is 


raised from 400°F.-to about 500° or 600°F. 


MARCUS A. 





than the internal stress is dissipated. The 
present work happens to deal with other 
aspects of the situation, so that no actual 
data became available in regard to this 
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TEMPERING TEMPERATURE °F. 
Fic. 16.—NOTCH-BAR TOUGHNESS OF FIVE HEATS OF WD 4150 STEEL (Armiento). 


This widely 
still unexplained, is anomalous in that, over 
most of 


behavior, experienced but 


the tempering range, when 

piece is softened by tempering and thus 
acquires a lower yield point, its toughness 
increases. Such behavior is normal, and is 
understandable according to present con- 
cepts. But in raising the tempering tem- 
perature from 400°F. to 500° or 600°F., 
although the steel is softened and 
yield point decreases, the notch-bar tough- 


the 


ness decreases. 

Various possible explanations have been 
suggested for this behavior. The present 
author long ago ascribed the loss in tough- 
ness to the decomposition of 
austenite, since the retained 
is decomposed in this range of temperature. 
To his embarrassment, he now finds that 
position scarcely tenable, in the light of 
experiments presently to be described. 
Bain® suggests that another possibility 
presents itself for consideration; namely, 
that if one attributes low plasticity to 
the presence of internal stress, one might 
reason that the strength falls off faster 


. ; 
retained 


austenite 


hypothesis. Such data are much needed 
and ought to be forthcoming. Hodge’ sug- 
gests that the phenomenon is somehow 
associated with precipitation of carbides. 
In a very special sense, the present data 
seem to support the idea that this be- 
havior plays a part, as will presently 
appear. 

Before discussing the metallurgical be- 
haviors, let us consider the mechanism 
of notch-bar breakage as to path or posi- 
tion of breakage, because any proposed 
metallurgical explanation must of course 
be consistent with the observed path of 
breakage. In experiments already de- 
scribed, it was shown that, when ferrite 
was precipitated in the prior-austenite 
grain boundaries, the toughness was 
decreased and the path of rupture was in 
this ferrite in the grain boundaries. It 
most reasonable to ascribe this 
behavior to the lower cohesive strength 
(lower disruptive strength) of the ferrite. 
In other words, the toughness was decreased 
because of weakness introduced ai the grain- 
boundary regions. Proceeding now to 


seems 
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normally quenched steels, considering 
Figs. 1o to 13 and the data of Table 4, 
it was observed that in this steel, when 
the tempering temperature was 400°F. 
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Fic. 17.—HYPOTHETICAL EFFECT OF RE- 
FRIGERATION, IF RETAINED AUSTENITE IS 
RESPONSIBLE FOR ANOMALY. 

Solid line, quenched and tempered. 

Broken line, quenched, refrigerated and 
tempered. 


or lower, the fracture appearance was 
partly or largely rough, with strong 
indications that the rough appearance 
represented fransgranular fracture whereas 
when the tempering temperature was 
5s00o°F. or higher, the fracture surface 
consisted largely or almost entirely of 
bright facets, with quite valid evidence 
that these facets represent fracture in the 
grain boundaries. It scarcely seems too 
venturesome, then, to state rather deti- 
nitely that, in proceeding from a tempering 
temperature of 400°F. to one of 500°F. or 
higher, the character of fracture changes 
from one that is partly or largely trans- 
granular to one that is largely in the grain 
boundaries, at these large grain sizes in 
this steel at least. But we have also seen 
that, in raising the tempering temperature 
from 400°F. to 500° or 600°F., we encounter 
a loss in toughness. Are these two phenom- 
ena related? It would appear that they 
could well be, if we consider the hypothesis 
of weakness at the grain boundaries. 
When the pieces were tempered at 
400°F. or below, the fracture was partly or 


largely transgranular, hence it is obvious 
that the weakest regions at the moment of 
fracture were the transgranular paths. 
But when the pieces were tempered at 
500°F. or above, the path of fracture was 
largely or almost entirely in the grain 
boundaries, so that now the grain bound- 
aries are weaker than the transgranular 
paths. Are the grain boundaries now 
actually weaker than before, or are they 
only relatively weaker because the trans- 
granular paths became stronger? It seems 
justifiable to conclude that they actually 
are weaker, on the following basis: 

Referring to the experiments on loss of 
toughness when ferrite was precipitated in 
the grain-boundary regions, it was con- 
cluded that toughness was decreased because 
of weakness introduced at the grain-boundary 
regions. Analogously, in going from 400° 
to s500°F. tempering temperature, we 
observed (Table 7) that the toughness was 
decreased, and we have seen that with this 
increase in tempering temperature the 
grain boundaries became at least relatively 
weaker. Consequently, because there is a 
decrease in toughness in spite of the lesser 
hardness (lower yield point), we conclude 
that the grain boundaries became actually 
weaker. 

Any proposed explanation for the 
decrease in toughness, when going from a 
tempering temperature of 400°F. to 500° or 
600°F., must in our view take into account 
the weakening of the grain boundaries. 
Let us therefore now examine proposed 
metallurgical explanations. 


EFFECT OF RETAINED AUSTENITE 


What experiments can be devised to 
evaluate the effect of retained austenite? 
The most direct test, of course, would be 
to compare a steel containing retained 
austenite with the same steel free of 
retained austenite. A way to do this is 
provided by the fact long known, and more 
recently explored by Cohen and asso- 
ciates,* that if a quenched steel is refriger- 
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ated to very low temperatures its retained 
austenite is more or less completely decom- 
posed. Consequently, for our purposes we 
may ‘examine the toughness of steels 
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duced here, that the retained austenite has 
been eliminated by the tempering at 500°F. 
But we may also practically eliminate 
the austenite by refrigeration, and then 
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Fic, 18.—EFFECT OF INTERVENING REFRIGERATION IN QUENCHED AND TEMPERED WD 4150 STEELS 
or Fic. 16 (Armiento). 
Solid lines, quenched and tempered. 
Broken lines, quenched, refrigerated and tempered. 


quenched and then tempered directly 
with that of the same steels quenched and 
then refrigerated before tempering. Before 
we examine the data, we may speculate a 
little as to what we should expect to find if 
decomposition of retained austenite is the 
sole reason for the loss in toughness. 

In view of the data in Table 7 and 
Fig. 16, we recognize that a normal 
behavior for quenched and tempered steels 
of this type is as shown by the solid line 
in Fig. 17. Consider position B, representing 
a tempering temperature of soo°F. We 
know, from much evidence of earlier 
investigators and other evidence to be ad- 


temper at 50o°F., resulting again in a steel 
free of austenite and tempered at 500°F. 
The steel, therefore, should exhibit about 
the same toughness as the steel at B, 
under our assumption that the retained 
austenite was the sole influencing factor. 
Consequently, in Fig. 17 we plot the con- 
jectured toughness of the refrigerated and 
500° tempered steel at point E. Further, 
under our assumption that the retained 
austenite is the sole reason for the anoma- 
lous behavior, we should expect the 
refrigerated steel (with its freedom from 
retained austenite) to respond to tempering 
in the normal manner: i.e., it should be 
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tougher than at point E when tempered 
above s500°F.—for example, as at point F 
for 600°F.; and be /ess tough than at point 
E when tempered below s500°F.—for ex- 
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intervening refrigeration are shown in the 
dotted lines. It is seen that only one of the 
steels, namely steel D, fulfills both of the 


conditions anticipated in case retained 
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FIGs. 19 and 20.—CONTRACTION ON TEMPERING OF QUENCHED WD 4150 STEELS. ALL MEASURE- 
MENTS AT ROOM TEMPERATURE AFTER TEMPERING (Rosenthal). 
(Note shift of abscissa for each steel, to avoid overlapping.) 
Fig. 19, quenched and tempered; Fig. 20, quenched, refrigerated and tempered 


ample, as at point D for 400°F. To sum- 
marize, if retained austenite is the sole 
factor in the anomaly, then, if a quenched 
steel is refrigerated before tempering, it 
should behave according to the dotted 
line D E F in Fig. 17, and the product 
tempered at 400°F. should be markedly 
less tough (point D) than when tempered 
without refrigeration (point A). 

Let us see what actually happened. The 
five steels of Table 7 and Fig. 16 were 
quenched, refrigerated in liquid nitrogen 
and then tempered. The results are plotted 
in Fig. 18, one chart for each of the five 
steels, the full line representing the 
steel quenched and then tempered directly 
(same data as Fig. 16), while the data for 


austenite was the sole factor in the anom- 
aly, in that it was less tough than the 
normally treated steel after a 400°F. 
temper, and was also progressively tougher 
after higher tempering temperatures. 
These data certainly indicate that 
retained austenite is not the sole factor 
in the anomaly, unless the refrigeration 
failed to remove the austenite in some of 


the steels. To test this point, recourse 


was had to a study of volume changes as 
indicated by length measurements. Cylin- 
ders of steels A, D, E and G were prepared, 
about 1-in. diameter and about 214 in. 
long; these were hardened by quenching, 
the ends were ground parallel and length 
measurements were made. The cylinders 
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for the first series were then tempered 
without intervening refrigeration over a 
range of temperatures, the length being 
measured after each tempering, and the 
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sion upon tempering. The data for the 
second series, involving refrigeration, are 
shown in Fig. 20. The expected expansion 
upon refrigeration was observed, as indj- 



































































| 
7.83 | | 
7.82+ =n é : 
| 

> 7.8! pnd sf REFRICD, - x= 
D 7.80- Le | * 
WW | go" a 

7738S ; 

7.77 

25+ . 
5 
a 2 
= 
a | Se 
ra 
x 10 
= 4 
- 
GS s+ 4 
0 200 400 600 800 


TEMPERING TEMPERATURE °F. 


FIG. 21.—CHANGES IN NOTCH-BAR TOUGHNESS AND IN DENSITY UPON TEMPERING SAE 2340 AND 
SAE 4140 STEEL (Darken). 


19. As has been 
shown so often before, there is 
up to about 400°F. due to tempering of 
martensite, then at 5o00°F. an expansion 
is indicated at points E;, Ai, etc., 
predominating conversion of 


results are shown in Fig. 


contraction 


due toa 
austenite 
to alpha iron (or 500° bainite) and thereafter 
a contraction due to further tempering of 
martensite as to points Eo, A», and so forth. 

If the austenite is previously transformed 
by refrigeration, the refrigeration should 


be accompanied by an expansion, and 


thereafter there should be no 500° 


expan- 





cated, and there was little if any indication 
of any change at 500°F. (only a slight 
change in slope and certainly no rise as 
before). The only slightly curious situation 
the amount of expansion upon 
refrigeration. Steel E, which departed 
(Fig. 18) from the hypothesized 
Fig. 17, had the least expansion upon 
refrigeration, and steel D, which conformed 
rather well to Fig. 17, expanded the most. 
There seems to be no doubt that the 
retained austenite was quite thoroughly 
transformed. (These expansion tests on 
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cylinders were checked on specimens of 
Charpy size, and the results were sub- 
stantially the same.) 


The point was also tested by making 


in the regularly quenched and tempered 
steel; the refrigerated steel, while less tough 
than the unrefrigerated steel at 400° to 
450°F., nevertheless also shows a reduced 
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Fic. 22.—EFFECT OF INTERVENING REFRIGERATION IN FIVE QUENCHED AND TEMPERED STEELS 
(Armiento). 
Solid line, quenched and tempered 
Broken line, quenched, refrigerated and tempered 


density measurements and notch-bar tests 
on two steels, an SAE 2340 steel and an 
SAE 4140 steel, as shown in Fig. 21. 
Again there is the localized minimum in 
density in the regularly quenched and 
tempered steels at soo°F., with absence 
of such a minimum in the steel with 
intervening refrigeration in liquid nitrogen. 
Attention is called to the rather pretty 
concordance in density of the pieces 
tempered at soo°F.; the density was the 
same whether the austenite was destroyed 
by the soo°F. tempering alone or by the 
prior refrigeration followed by tempering. 
In the Charpy test, there is a zone of 
reduced toughness at 500° to 600°F. 


toughness at around s500°F. tempering 
when compared with 400° tempering. 

Notch-bar tests were also made on the 
five lots of steel listed in Table 8. 

These steels were heat-treated in the 
normal manner and tested after notching 
as previously described, and were also 
heat-treated with a refrigeration in liquid 
nitrogen intervening between the quench- 
ing and the tempering. The values are 
shown in Fig. 22, and again it is seen that 
the data are equivocal as far as deciding 
the role of austenite is concerned: i.e., 
in some steels there was resemblance to 
the postulates of Fig. 17 and in others 
there was not. (It will be understood, of 
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course, that, since each “‘type” of steel 
in Fig. 22 is represented by only a single 
heat, the behaviors are not necessarily 
characteristic of the several types. The 
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the austenite is still present) are generally 
at least a little tougher than the refrigerated 
pieces (in which the austenite has been 
transformed), the difference being some- 
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Fic. 23.—DEVELOPMENT OF HARDNESS BY REFRIGERATION AND ITS RELATION TO NOTCH-BAR 
TOUGHNESS. 


recognizable variations within a single 
type, as exemplified in Figs. 16 and 18, 
illustrate this point.) 

These examinations of 12 lots of steel, 
of various low-alloy compositions, raise a 
question as to whether austenite plays any 
role. On the one hand, we may surely 
conclude that austenite is not the main 
factor in the loss of toughness around 
500° to 600°F., because breakdown of the 
austenite (by refrigeration) rarely if ever 
eliminates this loss of toughness. On the 
other hand, if we compare the two treat- 
ments after tempering at only 400°, we 
observe that the regular pieces ‘(in which 


times rather marked and sometimes only 
very slight. This suggests that austenite 
may play a part (or do we detect here 
merely a reluctance to abandon the 
austenite theory!). 

In connection with the lesser toughness 
of the refrigerated steels, a question 
might be raised as to whether the modest 
increase in hardness, to be expected when 
the retained austenite is transformed by 
refrigeration, would account for the less- 
ened toughness. It seems definite that it 
does so in certain marginal instances, but 
that it is by no means always responsible 
is indicated in Fig. 23. Hardness measure- 


TABLE 8.—Sieels Shown in Figure 22 





Composition, Per Cent 











Type 
cl Me i »P Ss Si Ni Cr Mo Vv 
ls 6% 6 be 08 Xe | 0.60 0.98 | 0.014 0.008 0.14 1.04 0.87 0.28 0.08 
ES eae oe 1.22 | 0.014 0.014 | 0.30 0.59 0.51 0.09 
NE 9465....... vt S268 1.30 0.020 0.019 0.32 0.64 0.55 0.13 
NE GSAS..<.......| 0.40 es a 0.025 0.53 0.32 0.35 0.11 
SAE 3240.....-.-.| 0.42 0.46 | 0.021 | 0.023 | 0.21 1.65 0.98 
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ments were made on selected broken 
notch-bar pieces of steel D of Fig. 18, 
the selection being made on the basis that 
their behavior was typical. The hardness 
readings at the left show the relative hard- 
nesses in the two sets of samples when 
tempered as shown. At the right, the 
notch-bar values are plotted against 
hardness (instead of against tempering 
temperature), showing that there are 
features in the behavior other than 
hardness. 


DECREASE IN COHESIVE (CLEAVAGE) 
STRENGTH 


A lesser “toughness” implies in these 
cases a lesser cohesive strength in the path 
of fracture. Consider the two cases: (1) 
in the case of the anomalous falling off 
in toughness, at around 500°F. tempering, 
any explanation must take into account 
the accompanying weakening, particularly 
at the grain boundaries; (2) in comparing 
steels tempered at only 400°F., some steels 
are tougher than others—for instance, 
steel A compared with steel D in Fig. 16— 
and a steel with normal quenching and 
tempering may be more tough than when 
the same steel is treated with intervening 
refrigeration; e.g., steel D in Fig. 18. 

Consequently in case 1, if retained aus- 
tenite is involved, (a) it must have been 
present in the grain boundaries, and (5) 
its 500° decomposition product (lower 
bainite) must have lower cohesive strength 
than austenite. As to a, it is known that 
most of the retained austenite occurs as 
small polyhedra within the grain, and not 
at the grain boundaries; as to whether 
even small regions of austenite are present 
at grain boundaries, microscopic appear- 
ance suggests that little or none is present. 
As to 6, whether austenite has a higher 
cohesive strength than lower bainite, 
evidence is lacking. 

With reference to case 2, involving 
steels tempered at only 400°F., the path 
of fracture is generally transgranular. 


If retained austenite has a favorable effect, 
it could presumably do so only if its cohe- 
sive strength is greater than that of tem- 
pered martensite, and here again evidence 
is lacking. Further, there was no evidence 
that the tough steel A of Fig. 16 had more 
retained austenite than the less tough 
steel D. 

To summarize then, we may say that 
retained austenite (and its decomposition 
cannot be the feature responsible for the 
loss in toughness when raising the tem- 
pering temperature from 400°F. to 500° or 
600°F., and further data will be needed 
before it can be decided whether it is re- 
sponsible even in part. Additional data 
are also needed mainly to decide whether 
the austenite that is still present after a 
400°F. tempering plays a part in the 
degree of toughness found after such 400°F. 
tempering. 


PRECIPITATION OF CARBIDES 


The idea that the 500° loss in toughness 
might be due to precipitation of carbides 
seemed worthy of investigation because of 
two circumstances; namely, (1) Antia, 
Fletcher and Cohen® produced evidence 
strongly supporting earlier evidence that 
the precipitation of iron carbides begins 
only when a tempering temperature of 
400°F. has been exceeded; (2) precipitation 
and agglomeration of carbide would of 
course establish a larger “mean free ferrite 
path,” shown by Gensamer, Pearsall, 
Pellini and Low™ to reduce the “crack 
strength.” A lower crack strength would 
result in- less toughness by the same 
mechanism as was shown to operate in the 
case of ferrite precipitated in martensite 
grain boundaries because of the cor- 
respondingy lower cohesive (cleavage) 
strength of the ferrite. 

Since the grain-boundary cleavage, in 
going from 400° to 500°F. tempering, 
became prominent particularly with rather 
coarse grain size, and since microscopic 
evidence would presumably be clearer 
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at coarse grain sizes, the possibilities were 
investigated by coarsening a series of steels 
and observing their appearance at a series 
of tempering temperatures. As will pre- 
sently be shown, agglomeration of carbides, 
with resultant more pronounced ferrite, did 
indeed appear to be observed at grain 
boundaries, upon tempering. A group of 
samples of a heat of 4150 steel was heated 
to approximately 2000°F. for 14 hr. and 
quenched in water. The 
tempered as follows: 


samples wert 


“No draw” 
300°F. 
400° 
500 
600 
800° 

1000" 
1200°F. 


(The sample designated “no draw” was 
actually tempered for a few minutes 
about 250°F. because of mounting 
Bakelite, but in microscopic appearance it 
was quite indistinguishable from other 
samples completely untempered. 

The untempered pieces showed unex- 
pectedly, in the grain boundaries 
series of unetched or only lightly etching 
areas, possibly best described as spear- 
shaped masses, often but not always with 
serrated edges. A variety of typical shapes 
are shown in Fig. 24. The edges were not 


merged imperceptibly into the 
adjacent 


body of the 
martensite grain. Except for 
their peculiar shape, they seem to have 
the characteristics of martensite needles 
and may perhaps be described as “mar- 
tensite spines.”’ 

These spines occupy positions unmis- 
takably in the grain boundaries of the 
parent austenite grains. 

After tempering at 300°F., they etched 
more slowly than the body of the grain 
so that at low magnification on the micro- 
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scope they clearly delineated the grain size 
by means of white outlines around darker 
etching martensite grains, as in Fig. 25A. 
Tempering at 400°F. caused them now 
to etch more rapidly than the bodies of the 
martensite grains, so that now the grain 
size was delineated by the darkened 
constituent surrounding lighter martensite 
grains, as in Fig. 25B. After tempering 
at 600°F., they again etched more slowly 
than the bodies of the grains, so that 
the grain size was delineated by light- 
darker 
grains, as in Fig. 25C. It was an entertain- 


etching areas surrounding the 
ing circumstance that, within a tempering 
300°F., the grain delineation 
changed from light to dark and back 
again to light. 


range ol 


Of more importance possibly than the 
entertaining feature of these observations 
was the need for interpreting the phenom- 
enon. It would appear that, except for 
their occurrence -as relatively large masses 
in the grain boundaries, the behavior 
of these spines accords entirely with the 
tempering of martensite. The appearances 
at somewhat higher power are shown in 
Figs. 26 to 29. After 300 F. tempering, 
the spines still etched but slowly, as 
represented by the light areas in Fig. 26. 
After tempering at 400°F., the spines now 
etched rather rapidiy, resulting in the dark 
appearance in Fig. 27. This is believed to 
be the typical dark-etching martensite, 
before any significant precipitation of 
After tempering at 600°F., the 
structure now etches but slowly, as in Fig. 


carbide. 


28, and is believed to consist of ferrite 
containing the finely agglomerated car- 
bides. Tempering at still higher tem- 
perature causes no significant change in 
this appearance, although it must be 
concluded that the carbides have probably 
agglomerated somewhat further. For ex- 
ample, Fig. 29 shows the structure after 
tempering at 1000°F., and this structure is 
typical of both lower and higher tempering 
temperatures such as 800° and 1200°F. 
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F1G. 25.—DELINEATION OF GRAINS BY CONSTITUENT WHOSE ETCHING CHARACTERISTICS CHANGE 
WITH TEMPERING TEMPERATURE. ALL PICRAL ETCH. X I00. 
A, 300°F.; B, 400°F.; C, 600°F. 
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24 : 29. 1000 F, 

Fics. 26-29.—EtTcHInc CHARACTERISTICS OF GRAIN-BOUNDARY CONSTITUENT. 
TEMPERING TEMPERATURES. ALL PICRAL ETCH. X 6 50 


Fig. 26, 300°F.; Fig. 27, 400°F .- Fig. 28, 600°F.: Fig. 20. 1000 
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A tempering at 500°F. happened in this 


case to be just at the point where the 


transition from the 400° appearance to the 


600° appearance could be observed. Fig. 


because of the occurrence of massive grain- 
boundary “martensite spines.”’ 
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If the precipitation and agglomeration 


of carbide begins at about 500°F. (as 


FIG. 30.—APPEARANCE OF GRAIN-BOUNDARY CONSTITUENT AFTER TEMPERING AT 500°F. PICRAL 


ETCH. 


I0o00o. 


Upper arrows point downward to regions etching dark; lower arrows point upward to regions 


etching light. 


30 shows spines that evidently are just in 
the process of transition, since the upper 
arrows point to regions that are still rather 
dark etching and 
product, whereas the lower arrows point 
to regions that already have begun to 
take on the lighter etching characteristics 
of the 600° product. In general, it is 
difficult to find grain delineation in the 
500° samples, because the grain-boundary 
spines are often at the stage where they are 
etching just about as rapidly as the body 
of the grain, being neither dark etching 
like the 400° product nor light etching 
like the 600° product. 


resemble the 400 


RELATION OF MARTENSITE TEMPERING 
TO MECHANICAL PROPERTIES 


The foregoing observations lead to what 
seems to be a quite justifiable inference: 
that the loss in toughness upon tempering 
at 5oo°F. is a result of the normal process 
of the tempering of martensite, shown in 
this case particularly in the grain boundary 


seems to be the case and as shown by Cohen 
et al. and others) there would begin at 
this temperature a weakening of the cohe- 
sive (cleavage) strength of the tempered 
martensite. 

It appears that the relatively thick 
grain-boundary “ martensite spines”’ create 
a situation in which each spine, after 
sufficient tempering, constitutes a rela- 
tively thick region of ferrite with embedded 
carbide. Because of the agglomeration of 
carbide, there would be a larger ‘“‘mean 
free ferrite path,” using the concept and 
terminology of Gensamer, Pearsall, Pellini 
and Low.'® In proceeding therefore from a 
400° tempering to a 500° to 600° temper- 
ing, there would be a change from the 
400° condition, where carbides are not 
yet precipitated and there cannot be said 
to be any “mean free ferrite path,” to 
the 500° to 600° condition, where carbides 
would be precipitating and agglomerating, 
resulting in a probably very small but 
nevertheless effective mean free ferrite 
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path, with a consequently lowered cleavage 
strength. This lower cleavage strength 
would lead to lower notch-bar toughness 
by the same mechanism as is found in the 
introduction of ferrite in the martensite 
(prior austenite) grain boundaries, by iso- 
thermal precipitation as described earlier. 

In such coarse-grained material at least, 
where the “‘martensite spines” are found 
in the grain boundaries, the weakness at 
the grain boundaries (after 500° or higher 
tempering) causes the breakage of notch- 
bar specimens to take place predominantly 
at the grain boundaries. Thus it appears 
that the martensite spines as quenched 
are strong (high cleavage strength), and 
retain their high strength when tempered 
at any temperature up to about 400°F. 
Consequently, in this grade of steel at 
least, there is no pronounced weakness 
at the grain boundaries when tempering at 
400°F. or below, and the fracture is only 
partially in the grain boundaries. By 
contrast, when these spine regions are 
tempered at 500°F. or above, they become 
not only weaker than the spines tempered 
at 400°F. but also even relatively weaker 
than the remainder of the grain, so that 
the fracture takes place preferentially 
in the grain boundaries. (The extent of 
grain-boundary weakness, at tempering 
temperatures below 400°F., as pointed out 
earlier, varies with the composition of the 
steel as well as with grain size, so that some 
grades of steel at some grain sizes may 
fracture in the grain boundary even at 
tempering temperatures below 400°F. An 
example is coarsened high-carbon tool 
steel. No evidence is available as to the 
reason for this phenomenon.) 

Other steels were then examined to as- 
certain the possible prevalence of the 
grain boundary behavior, as encountered 
in this 4150 steel. Steels of the compositions 
shown in Table 9 were at hand. 

Samples were heated to 2100°F. to 
provide coarse grain size, quenched in 
water and specimens from each steel 


tempered respectively at 350°F. and 
1000°F . In Figs. 31 to 36, each figure repre- 
sents a single steel, showing the structures 
after tempering at 350° and at 1000", at 
low and at high magnifications for each. 
The compositions in Table 9 are arranged 
in the order of increasing carbon contents, 
regardless of the alloy composition, and 
the corresponding figures showing the 
microstructures are arranged in the same 
order. Viewing the micrographs in this 
order, the following circumstance may be 
observed. Examining the structures after 
the 1000° draw, it is seen that in the steel 
of lowest carbon content (0.25 per cent C.) 
there is no appreciable outlining of grains 
by tempered “martensite spines”; that at 
the highest carbon content (0.61 per cent 


TABLE 9.—Steels Examined for Grain- 
boundary Fracture 





Composition, Per Cent 


Steel a 
No Type 
C M D1 Ni Cr M 

I 8630 | 0.25) 0.83) 0.22) 0.48 0.51) 0.19 
. 4135 | 0.34) 0.87) 0.25) 0.16) 0.98) 0.20 
3 | T1335! 0.36) 1.97) 0.29) 0.03) 0.09) 0.00 
4 4340 |0.38 0.90} 0.25) 0.60 0.61) 0.22 
5 1345 | 0.45) 1.08) 0.32) 0.16) 0.11} 0.07 
6 8660 | 0.61) 1.25) 0.24 0.60) 0.55) 0.12 





C) the outlining of grains by tempered 
“martensite spines” is quite definite; and 
that, between the two extremes of carbon 
contents, the degree of definiteness of 
grain-boundary delineation by tempered 
“martensite spines’’ increases fairly regu- 
larly with the carbon content. Here again 
the relationship of grain-boundary frac- 
ture in the notch-bar test to grain boun- 
dary tempered “martensite spines” in 
the microstructure came into evidence. 
The broken notch bars, from which the 
micrographs of Figs. 31 to 36 were pre- 
pared, were examined as to prevalence of 
bright facets, which (as described earlier 
in the paper) are believed to represent 
fracture in the grain boundaries. The pieces 
examined were the ones tempered at 
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Fic. 31.—STEEL No. 1. HEATED TO 2100°F., QUENCHED IN WATER, TEMPERED AT 350°F. AND AT 
1000°F ., RESPECTIVELY. 
4lempering: Upper two, 350°F., lower two, 1000°F. 
Magnification: Left, X 160; right, X 700. 
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Fic. 33.—STEEL No. 3. TREATMENT SAME AS STEEL IN Fic 
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Fic. 35.—STEEL No. 5. TREATMENT SAME AS STEEL IN FIG. 31. 





STEEL No. 6. TREATMENT SAME AS STEFI1 
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1o0o°F. When arranged in the order of occurrence of the tempered “martensite 
increasing proportion of bright facets, the spines” is merely a circumstance in coars- 
order was found to be almost precisely in ened high-carbon steels, which circum- 















































the order of increasing appearance of grain- stance made it possible to draw certain 
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Fic. 37.—RELATION OF YIELD AND FRACTURE STRENGTHS UPON TEMPERING A QUENCH-HARDENED 
STEEI 
boundary tempered “martensite spines,’ conclusions as to the mechanism ol 
which, as stated, was about the same as the tempering as related to the loss in tough- 
order of increasing carbon content. ness after 500° tempering. It is to be 
Consequently, one is led to conclude that inferred, therefore, that the loss in tough- 
the *formation of ‘‘martensite spines’ in ness after tempering at 5o0o0°F. is due to 
the grain boundaries seems more likely t the same mechanism, even in the lower 
occur with higher carbon contents. How- carbon steels. Furthermore, the observa- 
ever, this does not imply that the temper- tions recounted here have embraced only 


ing mechanism in itself in the low-carbon the steels in the coarsened condition, to 
steels differs from that in the h 


igh-carbon _ facilitate microscopic examination. No data 


steels. It means merely that the weak are at hand, as yet, as to the behavior in 
ened tempered martensite positions are the fine-grained condition, which obtains 
now within the grains without any prefer- in steels as ordinarily heat-treated from 
ential occurrence in the grain boundaries. normal lower quenching temperatures. But 
Consequently the fracture in low-carbon _ it is likewise to be inferred that the 500° 


steels takes place through the grains, as loss in toughness is due to the same type of 
observed in the series just described. Hence mechanism, even though the grain-bound- 
any reduced toughness after 500° to 600 ary occurrence of “martensite spines” 
tempering (as compared with 400 tem may be much more limited at the lower 
pering) is presumably due to the same quenching temperatures. In brief, whether 


mechanism of tempering as in the case of the fracture takes place in the grain 


the higher carbon steels. In short, the boundaries or within the grains, it seems 
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justifiable to conclude that the loss in 
toughness after 500° tempering (as com- 
pared with 400° tempering) is due to ag- 
glomeration of carbides leaving ferrite with 
its consequent relative weakness, and that, 
as Bain phrased it upon reviewing these 
data, the phenomenon is inherent in the 
tempering process itself. 

It may be noted further that, as tem- 
pering proceeds, the carbides would con- 
tinue to agglomerate and hence increase 
the “mean free ferrite path.” This would 
result in still lower cohesive (cleavage) 
strength. Contrasting with this, it is of 
course known that as the tempering tem- 
erpature is raised from, say, 600°F. to 
say 1000°F., the notch-bar toughness in- 
creases, rather than decreases, as would be 
expected if cohesive strength alone were 
the determining factor. It is known, how- 
ever, that the yield point also decreases, 
and consequently it must be concluded 
that the yield point falls more rapidly (so 
to speak) than does the cohesive strength. 
As pointed out by many and as described 
above, the “toughness” in a notch-bar 
test is a measure of the amount of flow 
from yield point to fracture. Consequently 
it must be concluded that even though 
the cohesive strength decreases, the yield 
point decreases still more rapidly, as the 
piece is tempered; in other words, the 
interval between yield point and cohesive 
strength increases as the tempering tem- 
perature is raised, so that the amount of 
flow (and consequently the energy ab- 
sorbed in breaking) increases as the tem- 
pering temperature is raised beyond 600°F. 

One may therefore conceive a general 
picture of the effects of the tempering 
process on the toughness of steel. The 
quenched steel, before tempering, has a high 
yield strength, so that when the notched 
bar is stressed beyond the yield strength 
it very soon reaches the cohesive strength 
(only a little deformation) and the piece 
is brittle. When it is tempered lightly, up 


to 400°F., the yield strength becomes lower 
whereas the cohesive strength falls but 
little if at all; consequently, when the 
metal is stressed beyond the yield strength, 
it deforms somewhat more before reaching 
the cohesive strength, and consequently is 
a little “tougher” than before tempering. 
Upon raising the tempering temperature 
from 400° to 500°F., the cohesive strength 
now falls more rapidly than does the yield 
strength, so that there is less deformation 
and the steel is less tough. Thereafter, as 
already described, the yield strength falls 
the more rapidly so that the steel becomes 
tougher. The effect of tempering in the 
case of a notch-bar test may therefore 
perhaps be pictured in a possibly over- 
simplified but nevertheless suggestive dia- 
gram (Fig. 37). Stress is plotted vertically 
and tempering temperature horizontally 
In the “as quenched” state, the yield 
point A is very close to the cohesive 
strength B, and there is little plastic flow 
before rupture, the extent of flow being 
represented by the interval AB. At a 
tempering temperature of 400°F. the yield 
strength has fallen appreciably, as to 
point C, while the cohesive strength has 
fallen but little if at all, as to point D. 
The amount of flow is therefore represented 
by the greater interval CD and the Steel 
is tougher than at AB. After tempering 
at 500°F., the yield point has fallen further, 
but the cohesive strength has fallen even 
more markedly, so that the interval EF is 
less than CD at 400°F. After 600° temper- 
ing, the interval GH is usually again a 
little greater than EF, so that the steel after 
600° tempering is a little tougher than the 
500° product. However, the relationship 
is sometimes such that the 600° product is 
less tough than the 500°, so in that case 
GH would be less than EF. Thereafter, as 
the tempering temperature is raised, the 
toughness becomes increasingly greater 
as represented for example by the increas- 
ing lengths of intervals such as /K and LM 























PROBLEMS 


Even though the conclusions drawn here 
should prove to be valid, the data that 
have been presented serve only to raise 
many more questions. 

Is the inference actually warranted, as 
seems permissible, that the behaviors de- 
scribed for coarsened grains represent the 
behavior of steels in the normal uncoars- 
ened, fine-grained condition ? 

What shall be 
fracture standards? 

Why do quenched steels (without tem- 
pering) tend to break more pronouncedly 


done about grain-size 


in the grain boundaries when the grain size 
is coarse ? 


Why do steels of different compositions, 
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and especially of different carbon contents, 
display different tendencies to break in the 
grain boundaries, (1) when tempered, (2) 
untempered ? 
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A Radiation Pyrometer for Open-hearth Bath Measurements 


By H. T. CLark* Anp S. FEIGENBAUM,+ MemBers A.I.M.E. 


THE importance of measuring the tem- 
perature of molten steel in the open-hearth 
furnace has been recognized for many 
years. Poor temperature control may be 
costly to steelmaking operations and lead 
to a lowered quality of the steel. Low 
or excessive temperatures may shorten the 
life of the furnace, ladles and molds. Rates 
of reactions in the furnace and efficiencies 
of deoxidizers are known to change mate- 
rially with a change in the temperature of 
the metal and slag. Ladle skulls and mold 
and stool stickers cause steel to be scrapped 
instead of being converted into useful 
products. Finally, the structure, segrega- 
tion and surface condition of ingots are 
affected by the teeming temperature. 

Mill investigations of the effect of bath 
temperature upon steelmaking operations 
have been largely qualitative in character, 
based upon observations by practical melt- 
ing men. The physical chemist has used 
the empirical information available and has 
reached reasonable and useful conclusions 
with respect to the various melting pro- 
cesses. The introduction of a reliable direct- 
reading pyrometer will permit accurate 
quantitative evaluation of the effects of 
temperature and should furnish a more 
rational basis for study of the thermo- 
chemistry of steelmaking. 

The problem is not merely one of making 
a small number of temperature measure- 
ments in the open-hearth furnace. This 
has been done by several methods to a 

* Assistant Manager, Research and Develop- 
ment, Jones and Laughlin Steel Corporation, 
Pittsburgh, Pennsylvania. Issued as T.P. 2031 
in METALS TECHNOLOGY, June 1946; also in 
Open Hearth Proc., 1946. 

+ Open-hearth Metallurgist, Jones and 


Laughlin Steel Corporation, Aliquippa, Penn- 
sylvania. 
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degree of precision that was apparently 
satisfactory. Considerable effort by a 
number of investigators has been directed 
rather to the development of an open- 
hearth bath pyrometer that would be both 
accurate and practical for routine measure- 
ments. To be practical, the pyrometer 
should be inexpensive to operate; that is, 
the installation, operating and maintenance 
costs should be exceeded by the tangible 
benefits to the open-hearth operator. 

Temperatures from 2800° to 3100°F. 
are encountered in the open-hearth furnace. 
The surface of the molten metal is covered 
by several inches of slag, which prevents 
direct observation of the metal surface 
for optical or radiation measurements. 
Both slag and metal are highly reactive 
at these temperatures and will attack to a 
greater or lesser extent any material 
immersed in them. Adequate protection 
of thermocouples, which of necessity must 
be brought to the temperature of the bath, 
has generally resulted in a large, heavy 
assembly made up of brittle materials, 
unsuited for handling on the open-hearth 
floor. The life of the equipment was 
short and maintenance was an important 
consideration. 


EARLIER WoRK 


Any one of a number of physical proper- 
ties of liquid steel could conceivably be used 
as a basis for temperature measurement. 
Efforts to the present time, however, have 
been confined largely to measuring either 
the thermal electromotive force generated 
between two dissimilar materials immersed 
in the steel or the intensity of radiation 
from the surface of the steel. These 
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employ one of the various forms of thermo- 
couple or some type of radiation-measuring 
device such as an optical pyrometer, 
photoelectric cell or thermocouple radia- 
tion pickup element. 

A tungsten-molybdenum thermocouple 
was used by B. Osann and E. Schroder, 
G. Leiher,? and S. Fornander and T. 
Omberg* in electric and open-hearth 
furnaces. The elements were encased in 
protection tubes to prevent attack by slag, 
metal and furnace atmosphere. From three 
to six readings could be taken without 
changing the thermocouple and the im- 
mersion time in the furnace for each 
reading was two to three minutes. 

The tungsten-graphite thermocouple, 
proposed by H. L. Watson and H. Abrams,‘ 
and further developed by F. Holtby,® uses 
the graphite as one of the elements and, 
in the conventional assembly, as a protec- 
tion tube for the tungsten. In a later 
paper, Holtby® describes a divided thermo- 
couple of small heat capacity, which 
completed the hot junction through the 
molten metal. This thermocouple may 
be used in molten iron or steel but in the 
latter the elements will dissolve quickly 
if not protected by an outer refractory 
tube. Different lots of tungsten and of 
graphite will vary somewhat in calibration 
and compensation is required in order to 
obtain reliable temperature values. 

The carbon-silicon carbide thermocouple 
was developed by G. R. Fitterer? and has 
been used to measure molten iron and steel 
temperatures. The silicon carbide element 
is enclosed in a graphite sheath, which, as 
in the tungsten-graphite thermocouple, is 
both the other element and the protection 
tube. The electromotive force generated 
by this thermocouple is exceptionally high 
—nearly 14 volt at 3000°F. 

The platinum-platinum rhodium thermo- 
couple, because of the careful standardiza- 
tion of the thermoelectric properties of the 


1 References are at the end of the paper 


wires, has been generally accepted as the 
standard pyrometer for measuring steel 
temperatures, and a number of investi- 
gators®.® refer to its use and to comparisons 


with other pyrometers they were investi-— 


gating. In this instrument the elements 
must be protected against attack by 
reducing gases, and hence require a 
gastight inner protection tube. This tube 
in turn is protected normally by an outer 
tube having greater resistance to attack 
by molten slag and metal. 

A few years ago English metallurgists, 
seeking to take advantage of the stand- 
ardized elements of the platinum-platinum 
rhodium thermocouple, worked out a 
technique’ using a single thin-walled 
quartz tube as protection for the thermo- 
couple. This method has now been em- 
ployed in this country by Weitzenkorn" 
and in Canada by Freeman.!* The advan- 
tages lie in rapid measurements, lower 
maintenance costs and more reliable 
readings. 

Radiation methods include as a meas- 
uring device the optical pyrometer, which 
is found in practically every open-hearth 
shop; its use has been described by Blau- 
rock,!* Cook,!4 and Wenzl and Morawe.*® 
The last named investigators report that 
only a small correction is required to make 
the results comparable to readings with 
the platinum thermocouple when the 
optical pyrometer is sighted on the bright 
areas of the stream of molten metal. 
Various modifications using an optical 
pyrometer, a photoelectric cell or a total 
radiation element have been suggested to 
make possible temperature measurements 
of the molten metal itself in the open- 
hearth furnace. 

One of these modifications is the open- 
end tube, immersion pyrometer described 
in this paper. Its principle is based on 
Patent No. 2020019, granted to Collins 
and Oseland; its use as a photoelectric 
pyrometer has been discussed by Sordahl 
and Sosman!5!® and as a total radiation 
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pyrometer by Bradley’? and Martin.” 
The manner in which the open-end tube 
pyrometer is used is illustrated in Fig. 1. 
The steel tube, with an orifice in the front 


















IMMERSION UNIT 


of the steel rather than of the slag surface 
or back wall of the furnace and may be 
readily charted by means of a high-speed. 
automatic recorder. 





FIG. 1.—POSITION OF OPEN-END TUBE, IMMERSION PYROMETER, WHILE A READING IS BEING TAKEN 
IN THE OPEN-HEARTH FURNACE. 


end, is thrust through the slag into the 
liquid steel. A continuous flow of air 
keeps the molten slag and metal from enter- 
ing the tube and opens a cavity into which 
the radiation-sensitive device is sighted. 
Used originally with an optical pyrometer 
sighted through a glass window at the rear 
end of the tube, it was later adapted to 
operate with pickup elements, the outputs 
of which could be permanently recorded. 


DEVELOPMENT OF THE PYROMETER 


The present paper describes a modified 
form of this pyrometer, using a total 
radiation element, that has performed 
satisfactorily in extended tests. The open- 
end tube has several features that make 
it particularly attractive as a means of 
measuring liquid-steel temperature. Unlike 
the thermocouple, no part of the pyrometer 
attains the temperature of the steel; 
this simplifies the design, since refractory 
materials are not required and the main- 
tenance problem is materially lessened. 
The choice of a suitable radiation element 
is dictated by requirements of mechanical 
ruggedness and electrical and thermal 
stability. Temperatures obtained are those 


The work described by Bradley” and 
Martin!* on this pyrometer seemed to offer 
promise if sufficient development were 
carried out on the instrument, and Jones 
and Laughlin approached the Leeds and 
Northrup Co., offering plant and research 
facilities for this work. The equipment was 
set up at Aliquippa and a series of readings 
was taken. The direction that the develop- 
ment work should take so that the in- 
strument would be suitable for routine 
temperature measurements in the open- 
hearth bath quickly became apparent. 
Several major changes were made over a 
period of time and these have all contributed 
to the present form of the pyrometer. 

A high-speed recorder, the Speedomax, 
was substituted for the standard recorder 
in order to decrease to a minimum the 
time of immersion necessary to obtain 
a flat-topped temperature record. The 
Speedomax reaches a steady state some- 
what more rapidly than the standard 
Rayotube when the latter is exposed 
suddenly to a constant source of radiation. 
Therefore, attention was directed to 
making the Rayotube as fast as is con- 
sistent with ruggedness and reproducibility 
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of readings. Speed of response is extremely 
important, since excessive heating of the 
tube may occur with even a few additional 
Important 


seconds immersion. also for 
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the 
successful mill application of an open- 
hearth pyrometer. The total radiation 
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A reliable and simple means of checking 
immersion unit is essential to the 





Fic. 2.—IMMERSION UNIT, SHOWING OUTER STEEL PIPE FOR PROTECTION OF RAYOTUBE 
CONTROL HEAD, AND SPECIAL CONNECTOR FOR AIR LINE AND ELECTRICAL LEADS. (Courtesy of 


Leeds and Northrup Company.) 


reproducibility of readings was the ar- 
rangement of the Rayotube in the immer- 
sion unit to prevent errors due to: (1) 
a gradual change in the size of the outer 
orifice, (2) occasional freezing of steel 
around its periphery, or (3) to any slight 
shift in the position of the Rayotube 
relative to the outer orifice. 

An improvement of a major nature was 
the change in location of the Rayotube 
from the rear of the immersion tube to 
a position within a few inches of the front 
orifice. Readings taken with the Rayotube 
in the former position were affected by the 
straightness of the tube and, since the 
pipe may warp during the course of an 
immersion, there was always some uncer- 
tainty as to the reliability of any reading. 
In addition, the solid angle of radiation 
viewed by the Rayotube was increased 
materially when it was moved to the for- 
ward position so that a faster response 
could be obtained with sufficient sensi- 
tivity. The design of a radiation pickup 
element to withstand the temperatures 
encountered in the present pyrometer and 
to give readings that are virtually un- 
affected by the rapid changes in am- 
bient temperature involved, represents a 
most important contribution to this 
development. 





elements are not particularly sensitive 
to visible radiation and hence a standard 
lamp cannot be used. Small furnaces 
equipped with thermocouples were tried 
but the temperatures easily attained are 
rather low and the setting of the pyrometer 
could not be checked readily in the steel- 
making range. A method of comparing 
the output of the immersion unit with that 
of a similar unit reserved for checking 
purposes was therefore tried and proved 
successful. The flame or backwall of the 
open-hearth furnace itself was used as 
the source, hence the check was made at 
approximately the same temperature as 
that encountered in the molten steel. 

As a result of these several changes, 
the reproducibility of the readings in- 
creased and the pyrometer gradually 
assumed its present form. 


PRESENT FORM OF INSTRUMENT 


The pyrometer assembly consists of 
the immersion unit, the checking unit 
with built-in galvanometer, the recorder 
and an air-flow regulator and air filter. 

The immersion unit shown in Fig. 2 
houses the Rayotube assembly and is 
made up of a 7-ft. length of pipe, fitted 
on the one end with a 5¢-in. orifice, and 
on the other with a head containing the 
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necessary control equipment. The im- 
mersion unit weighs 60 lb. and is regularly 
handled by one operator. The outer pipe 
is in three sections welded together. The tip 
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potentiometer dial in the head and this is 
adjusted during the checking operation 
to obtain a null galvanometer reading. A 
receptacle for the lead wires from the check- 





CALIBRATING SWITCH, AIR VALVE, AND PRESSURE GAUGE. (Courtesy of 


Company.) 


is bored to provide the orifice and the 
socket for the inner assembly; the middle 
section, 2 ft. long, is of heavy-walled 
(o.250-in.) tubing; and the remainder is 
standard 2-in. pipe. All the parts are 
made of low-carbon steel and several 
hundred immersions can be made before 
the pipe is discarded. In no instance to 
date has the inner assembly suffered 
damage. 

A pressure gauge and an off-on valve on 
the air line are essential for safe and 
convenient operation. The control head is 
depicted in Fig. 3. A push-button switch 
is installed in the Rayotube circuit so 
that readings are taken only while the 
unit is immersed in the steel. The output 
of the Rayotube is regulated by means of a 
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Fic. 3.—CIRCULAR CONTROL PANEL EQUIPPED WITH PUSH-BUTTON SWITCH, CALIBRATING DIAL, 


Leeds and Northrup 


ing unit and a short length of 1-in. pipe to 
bring in the air and shielded cable complete 
the equipment mounted on the head panel. 
Release of four clamps permits removal 
of this panel and of the entire inner 
immersion assembly as a single unit. 

The Rayotube is mounted inside a 
double-walled pipe approximately to in. 
long, for protection from radiation and 
mechanical damage, as shown schemati- 
cally in Fig. 4. Part of the air is deflected 
to flow between the walls to aid in cooling 
while the main portion flows between the 
outer wall and the outside tube. A collect- 
ing lens is mounted at the front end of 
the pipe. A thin glass window protects this 
lens from occasional sparks. A hole of 
14-in. diameter in the front end of the 
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Rayotube assembly serves to define the 
useful radiation, and this inner orifice 
is only 7 in. from the front end of the 
outer pipe. The arrangement places the 
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of the inner assembly and also permits 
considerable latitude in the size of the front 
aperture. 

The electric leads to the immersion unit 
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DOUBLE WALLED | 
RAYOTUBE RADIATION SHIELD | GLASS WINDOW | 5/8 ORIFICE 


—— OUTER PIPE 


COLLECTING LENS (1/4 APERTURE 


F1G. 4.—RAYOTUBE IN RELATION TO INNER AND OUTER ORIFICES, SHOWING RADIATION SHIELDS 
AND PATHS OF AIR FLOW. 


sensitive element of the Rayotube less 
than 13 in. from the molten steel and 
permits the use of a solid angle of 17 

The inner assembly (Fig. 5) is connected 
to the panel in the head of the immersion 
unit by means of a length of -in. pipe 


that also shields the lead wires from 


are located inside the air hose, to prevent 
damage and wear. A covered receptacle 
in the shop floor houses the air regulator 
and filter and a combined air-electric 
connector for the flexible hose. Provision 
is being made to accommodate the com- 
plete immersion assembly in this space 





Fic. 5.—INNER ASSEMBLY OF IMMERSION UNIT. 
Courtesy of Leeds and Northrup Company.) 


radiation. A compression spring back of 
the panel holds the inner assembly against 
the end of the outer immersion tube while 
lugs at intervals keep it in a coaxial 
position. The use of the inner orifice, 
which is fixed relative to the Rayotube, 
makes unnecessary painstaking positioning 


when it is not in use. Shielded leads 
extend beneath the shop floor to the 
recorder mounted in the furnace-control 
house. : 

The checking unit in Fig. 6 is similar 
in design to the immersion unit except 
that the outer pipe serves merely as 
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mechanical protection for the Rayotube mounted on the back end of 
and does not extend back beydon this 
point. A clamp is provided to mount the 


the small 
pipe and an electrical plug connects the 
two Rayotubes in opposition through the 





Fic. 6.—CHECKING UNIT, USED FOR CALIBRATION. 
(Courtesy of Leeds and Northrup Company.) 





Fic. 7.—IMMERSION UNIT BEING STANDARDIZED BY MEANS OF CHECKING UNIT AT OPEN-HEARTH 
FURNACE. 


checking unit on the side of the immersion galvanometer. No air i 
unit so that the two fields of view are the checking operation, since the front 
coincident in a plane a few feet from ends of the two units are merely rested 
the orifices. A sensitive galvanometer is in the wicket hole so that there 


s required during 


is an 




















Bs. 3. 


unobstructed view of the interior of the 
furnace. The setting of the immersion unit 
is adjusted until the null point is attained 
and the immersion unit is then identical 
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effort has been made, therefore, to reduce. 
this possibility. In Fig. 8 the pyrometer 
is shown in operation in a 150-tonopen- 
hearth furnace. 





Fic. 8.—TEMPERATURE READING BEING TAKEN IN LARGE TILTING OPEN-HEARTH FURNACE AT 
ALIQUIPPA. 


in output with the checking unit. Fig. 7 
is a plant photograph of the pyrometer 
being checked at the open-hearth furnace. 

The air used during an immersion is 
first filtered to remove oil, water or dirt 
that might deposit on the window. It 
then passes through the flow regulator, 
which supplies a substantially 
flow regardless of reasonable changes in 
pressure. This arrangement makes un- 
necessary any manual adjustment of the 
air flow and permits the use of an on-off 
valve in the head of the immersion unit. 
The only likely cause of damage to the 
unit is that the air may be insufficient to 
keep steel out of the tube. Considerable 


uniform 





The recorder is a standard Speedomax, 
range 1400° to 3200°F., and chart speed, 
when energized, of 2 in. per minute. The 
scale in the upper temperature range is 
about one inch per hundred degrees 
Fahrenheit. One recorder has been used 
successfully for two furnaces, contact 
being made with either of the furnaces 
through a shielded switch. Other contacts 
on this switch may be used to light a signal 
lamp on the open-hearth floor, correspond- 
ing to the furnace in the recorder circuit. 


OPERATION OF THE PYROMETER 


Much of the development work has 
been done on tilting, basic open-hearth 
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furnaces producing a high proportion of 
duplex heats, for which the refining period 
is relatively short. The first reading on 
such a heat is usually taken soon after the 
last hot-metal addition and readings are 
taken at intervals until the heat is ready 
to block or tap. The number of readings 
taken during a heat will depend on furnace 
conditions and the grade of steel. It has 
been established that readings can be 
taken at 1o-min. intervals without exces- 
sive heating of the radiation element. 
This interval may be somewhat reduced 
if a greater volume of air is allowed to 
flow through the pipe between readings. 


pipe was overheated and warped at the 
conclusion of the second immersion but 
straightened as it cooled. 

The air pressure maintained in the 
pyrometer during an immersion is not 
critical but must be sufficient to keep 
molten metal out of the orifice. Occa- 
sionally at normal pressures, high-velocity 
sparks pass the inner aperture and strike 
the thin glass window protecting the lens. 
The resultant loss in response of the 
Rayotube, caused by the pitted window, 
is compensated for by adjustment of 
the potentiometer circuit when the unit 
is checked. The damaged window can be 


TABLE 1.—Readings Taken with the Immersion Pyrometer on a Number of Heats 
during the Refining Period 























First Reading Second Reading Third Reading Final Reading 

Heat Tem | | Tem Min Tem Tem 
No. Per — pera- Per pi | pera- Per utes pera- Per — pera- 
Cent ‘i. ture Cent to | ture. | Cent to ture, Cent a ture, 

Cc Tap Dee. Cc | Tap | ae | C Tap Dag. c Tap Dee 

fee? 

9038 0.58 68 2915 0.45 48 | 2920 | 0.38 38 2950 0.34 28 2960 
9054 0.18 60 | 2930 0.21 27 | 2930 0.17 10 2965 0.10 5 2965 
9061 0.44 45 | 2880 0.28 | 25 | 2915 0.23 Is 2920 0.18 x 2940 
9062 0.23 62 | 2910 0.18 | 52 2920 0.12 22 2955 0.08 2 2970 
9068 0.54 61 | 2960 ee 2995 0.31 21 2980 0.20 3 3000 
9074 0.33 65 | 2935 0.29 45 | 2980; 0.18 20 29905 0.15 10 3005 
9082 0.32 47 | 2045 0.26 | 27 | 2960 0.18 17 2965 0.12 2 2075 
9128| 0.75 | 100 2840 | 0.45 50 | 2025 0.37 40 2950 | 0.30 3 2960 
QIr4t 0.38 40 | 2900 0.32 25 | 2035 0.20 10 2980 0.19 2 2970 














The temperature of the Rayotube rises 
to about 175°F. immediately following a 
normal immersion. A comparison of check 
readings taken when the pyrometer is 
warm and others taken after it has cooled 
to room temperature indicates that varia- 
tions in temperature of the radiation 
element do not affect the values obtained 
for the bath temperature. The unit was 
subjected to a severe test when two 
readings were taken in rapid succession 
through the same door of the furnace. 
The second reading was within 10°F. of 
the first and the unit remained in calibra- 
tion after cooling, as indicated by checks 
made before and after the test. The outer 


replaced when the unit is taken apart 
for routine cleaning and inspection. At 
a gauge pressure of 1o lb., approximately 
go cu. ft. of air per min. passes through 
the bath. The gauge pressure will increase 
several pounds at the time of the immer- 
sion, owing to an increased back pressure. 
Nominal variations in the amount of 
air used seem to have little effect on the 
temperature readings; however, tests have 
indicated that excessive amounts of air 
tend to give high values. 


It is recognized that the temperature 
may vary considerably in different parts 
of the bath; this is particularly true of a 
quiet bath in a large furnace. The present 
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design of pyrometer is not suitable for 
exploring the conditions within a furnace, 
but, if desired, the immersion unit could 
be lengthened for this purpose without 
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temperatures for any given emissivity 
value, provided the temperature is estab- 
lished by an independent method. 

In the plant work with the open-end 
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FiG. 9.—TEMPERATURE-TIME DATA ON HEAT THAT TEEMED WITH INGOT STICKERS. 


affecting the basic dimensions. In actual 
practice, readings are taken at a standard 
location in the furnace. Local agitation 
of the bath by the air stream tends to 
reduce possible temperature 
due to stratification. Finally, the degree of 
activity of medium and low-carbon basic 
heats, during the refining period, seems 
adequate to ensure a representative tem- 
perature reading at this critical time. 

The output of a radiation pyrometer is 
maximum for a radiating surface having an 
emissivity of unity. The cavity opened up 
in the steel by the air stream is not strictly 
’ a black body because of the presence of the 
cold end of the immersion tube. Hence, 
the emissivity is less than one and the 
temperature reading is lower than that 
for a black body at the same temperature. 
The setting of the recorder can be adiusted 
so that the pyrometer will read correct 


variations 


tube pyrometer, the temperature scale was 
tentatively set some time ago on a basis 
of optical pyrometer readings taken at 
tapping of the heat. These relative values 
are now being modified to conform with 
platinum-platinum rhodium thermocouple 
readings and indications are that those 
reported below are somewhat high. The 
calibration of the immersion unit by means 
of the checking unit is independent of the 
recorder setting. 

Examples of the changes in temperature 
during the working of individual heats are 
shown in Table 1 and illustrate a practical 
use- of the pyrometer. Fig. 9 presents 
graphically the bath temperatures taken 
during the refining of an intermediate 
carbon, killed steel. The final readings 
indicated that the temperature of the 
steel was excessive, verified by the occur- 
rence of stool stickers even though the 
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FIG. 10.—TEMPERATURE-TIME DATA ON HEAT WITH 6000-POUND SKULL IN LADLE. 
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heat was held in the ladle for 14 min. It 
can be noted that the temperature in- 
creased rapidly as the bath became more 
active following the slag flush and that 
it continued to increase until the heat 
was blocked. Fig. 10 is a record of a heat 
made under abnormal furnace conditions 
resulting from fuel difficulties. The melter 
was unable to obtain adequate steel 
temperature during the major portion of 
the refining period. Although the condi- 
tions improved before tap, the temperature 
was insufficient for steel of this grade and 
the heat teemed with a 6o000-lb. skull. 

The occurrence of ladle skulls and of 
“sticker” ingots is essentially a steel- 
temperature problem although the tem- 
perature of the ladle, the rate of tap, the 
holding time in the ladle, etc., exert an 
influence on the results. Fig. 11 shows 
the incidence of these teeming irregularities 
for a large number of heats on which 
temperature observations were taken. 
Heats that gave pronounced difficulty 
due to sticker ingots had high bath 
temperatures while those with skulls 
were below normal. The effect of carbon 
content of the steel on ingot stickers and 
skulls is shown by the graph. 

Many heats below or above the most 
desirable temperature can be teemed 
satisfactorily. Temperature control of the 
steel in the furnace, however, can do 
much toward reducing teeming difficulties. 


SUMMARY 


A radiation pyrometer, which offers 
certain advantages with respect to ease 
of operation, maintenance and reliability, 
has been developed and tested extensively 
under plant conditions. The instrument 
employs a radiation device, mounted 
inside an open-end steel tube, sighted 
on the liquid steel. Compressed air keeps 
the orifice free from molten slag and steel. 
In the course of the work, a convenient 
method was devised for standardizing 
the pyrometer to ensure continued accuracy 
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in mill use. Mill tests indicate that the 
instrument is a practical pyrometer for 
measuring bath temperatures in the open- 
hearth furnace. 


ACKNOWLEDGMENTS 


The authors take pleasure in according 
public recognition to the members of 
the Leeds and Northrup Co. who have 
cooperated in this joint project. They also 
wish to acknowledge the assistance of 
their associates at the Jones and Laughlin 
Steel Corporation; in particular, Dr. 
H. K. Work, who suggested this project 
and has shown a continued interest in 
the development. 


REFERENCES 


1. B. Osann and E. Schroder: Tempera- 
turmessungen mit Wolfram-Molybdan- 
Thermoeleménten. Archiv Eisenhutten- 
wesen (1933) 7, 89-94. 

2. G. Leiber: Temperaturmessungen im Stahl- 
bade des basischen Siemens-Martin- 
Ofens. Archiv Eisenhuttenwesen (1937) 
11, 63-66. 

3. S. Fornander and T. Omberg: Temperature 
Measurements. of Liquid Steel in the 
Basic Open-hearth Process. Jernkontorets 
Ann. (1939) 123, 527-544. 

4. H. L. Watson and H. Abrams: Thermo- 
electric Measurement of Temperatures 
above 1500°C, Trans. Amer. Electro- 
chem. Soc. (1928) 54, 19-36. 

. F. Holtby: Rapid Temperature Measure- 
ments of Cast Iron with an Immersion 
Thermocouple. Trans. Amer. Foundry- 
men’s Assn. (1939) 47, 854-871. 

6. F. Holtby: Rapid Temperature Measure- 
ments of Molten Iron and Steel with an 
Immersion Thermocouple. Trans. Amer. 
Soc. for Metals (1941) 29, 863-875. 

. G. R. Fitterer: Pyrometry of Liquid Steels 
and Pig Irons. Temperature, Its Meas- 
urement and Control in Science and 
Industry. Amer. Inst. of Physics (1941) 


Ww 


~I 


- 


946-957. 

8. M. Wenzl and F. Morawe: Temperatur- 
messungen von flussigem Gusseisen, 
Thomasroheisen and Stahl. Stahl und 
Eisen (1927) 47, 867-871. 

9. T. L. Joseph: Oxides in Basic Pig Iron and 
in Basic Open-hearth Steel. Trans. 
A.I.M.E. (1937) 125, 204-245. 

10. F. H. Schofield: First Report on Proposed 
“Quick Immersion’’ Methods of Measur- 
ing the Temperature of Steel in the 
Open-hearth Furnace. Seventh Rep. 
on Heterogeneity of Steel Ingots, Iron 
and Steel Inst. (1937) 222-238. 

11. L. F. Weitzenkorn: A Method for Deter- 
mination of Bath Temperature. Proc. 
Electric Furnace Steel Conf. A.I.M.E. 


(1944) 2, 143-149. 













































pada hee 





nS ES 


a SOTO. = 


5 
& 
rt 
% 
? 
4 
: 
' 
; 





Q2 A RADIATION PYROMETER FOR OPEN-HEARTH BATH MEASUREMENTS 


12. R. W. S. Freeman: High Temperature 
Measurements of Liquid Steels Using 
the Quick Immersion Thermocouple 
Technique. Canadian Metals and Metal- 
lurgical Industries (1944) 7, 23-25. 

13 F. Blaurock: Beitrag zur optischen Tem- 
peraturmessung von flussigem Eisen 
und Stahl. Archiv Eisenhuttenwesen 
(1934-35) 8, 517-532. 

14. E. Cook: Open-Hearth Temperature Con- 
trol. Trans. Amer. Soc. for Metals 
(1936) 24, 649-678. 

15. L. O. Sordahl and R. B. Sosman: Measuring 
Open-hearth Bath Temperatures. Instru- 
ments (1940) 13, 127-130. 


16. 


L. 


M. 


E. 


U. Sordahl and R. B. »osma The 
Measurement of Open-heart Bath 
Temperature. Temperature, Its Meas- 
urement and Control in ocience anc 
Industry. Amer. Inst. of Physics (1941 
927-930. 

J. Bradley: Measuring Tempera re 
Beneath Surface of Molten Meta 
Proc. Open Hearth C 4.I.M.E 
1939) 22, 192-198. 

D. Martin Plant Tes a Use 
Equipment for Measuring Molten 
metal temperature. Proc. Open Heart 


my] 
Conf., A.1.M.E. (1939) 22, 1 











SANDEE Na hh NRRL Hh OLED IERIE AT 





The Boron-oxygen Equilibrium in Liquid Iron 





By GERHARD DERGE,* MemMBER A.I.M.E. 


Chicago Meet 


METALLURGISTS have used borax as a 
fluxing agent traditionally, but until re- 
cently elemental boron’ has played an 
insignificant role as an alloying element. 
Neither the metal nor its compounds have 
been regarded as important metallurgical 
materials and there is a surprising lack of 
knowledge concerning their metallurgical 
behavior. The new applications to steel- 
making of both boron and borates, which 
arose in part from wartime incentives and 
restrictions, have been seriously handi- 
capped by this lack of data. For example, 
rasorite, a naturally occurring 
borate, has been shown to be an effective 
substitute for aluminum as a ladle deoxi 
dizer in rimming steels.' Likewise, the 
effectiveness of boron as an alloying agent 
has been 
hardening when used in restricted amounts. 
The exploitation of both of these uses has 
been retarded by the difficulty of attaining 
suitable metallurgical control. Recognizing 
that the most 
required was a knowledge of the equi 


sodium 


demonstrated,?* giving deep 


important informatio 
librium between boron and oxygen dis 
solved in liquid iron, Gurry‘ calculated 
this relation from the best thermal data 
available. 
entropy of melting of boron, the activity 


However, estimates of the 


coefficient of boron in liquid iron and the 
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* Member of the Staff, Metals Research 
Laboratory, and Associate Professor, Depart- 
ment of Metallurgical Engineering, Carnegie 
Institute of Technology, Pittsburgh, Pennsyi 
vania. 

1 References are at the end of the paper 


ing, February 1946) 


activity coefficient of B.O; in slag were 
involved, and experimental work on this 
problem was obviously desirable. 

The experiments to be described were 
planned to establish the boron-oxygen 
relations in liquid iron and to demonstrate 
at the same time the ferroborate slag 
compositions in equilibrium with various 
amounts of oxygen in liquid iron. Accord- 
ingly, slags containing varying proportions 
of iron and boron oxides were held in 
contact with molten iron, and samples of 
both slag and metal were analyzed. The 
limitations upon the accuracy of the data 
will be considered, but in a practical sense 
the oxygen levels that can be attained in 
iron by iron borate slags, and the amounts 
of boron in iron at these oxygen levels were 
established. 


EXPERIMENTAL PROCEDURE 


No entirely suitable refractory was found 
for the mixtures of iron oxide and boron 
oxide used as slags. Crucibles of silica, 
magnesia, Ramix, beryllia, and zirconia 
were all tried unsuccessfully. The most 
satisfactory method discovered for hand- 
ling them was the rotating-crucible tech- 
nique, which creates a parabolic crucible 
of liquid iron.*-* Even this was not entirely 
successful, for at steelmaking temperatures 

1600°C.) the slags had such a low surface 
tension that they crept up to the refractory 
and slowly dissolved it. These difficulties 
made it impossible to maintain a constant 
slag composition for an unlimited period 
of time. However, by using the rotating 
technique, short runs could be made in 
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both silica and magnesia crucibles. Silica 
crucibles gave the least experimental 
trouble and most of the work was done 
with these. Since the slags picked up silica 
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Fic. 1.—SCHEMATIC DIAGRAM OF APPARATUS. 
1. Gas inlet. 

2. Peephole cover. 

3. MgO brick. 

4. Dowel connection. 

5. Copper furnace coils. 

6. Silica tube. 

7. Stovepipe crucible. 

8. Transite frame. 

9. Refractory packing. 

10. Transite. 

11. Picein. 

12. Wooden base. 

13. Turntable. 


from the crucible, and since some silicon 
was introduced into the metal from this 
source, several heats were made in mag- 
nesia crucibles to avoid difficulties in inter- 
pretation that might arise from the pres- 
ence of silicon. These experiences with 


slags containing only iron and _ boron 
oxides must not be interpreted as pre- 
cluding the use of borates in commercial 
operations because they will destroy the 
refractories. Many satisfactory runs have 
been made in magnesia crucibles with 
simulated open-hearth slags containing up 
to 10 per cent of BOs. 

The apparatus used is shown schemati- 
cally in Fig. 1. Heating was by means of a 
35-kva. induction furnace 5. A section of 
stovepipe 7 was crimped in at the base and 
the space between it and the silica tube 6 
was packed with silica or magnesia sand 9. 
The iron charge was placed in the stovepipe 
and the inner surface of the refractory 
packing was sintered during the melting. 
A loose-fitting magnesia brick cap 3 was 
placed over the collar of the quartz tube 6 
during this period. A neutral gas (see 
Table 1) was passed through a quartz 
tube 1 in this brick to minimize oxidation. 
When the 1600-gram metal charge was 
completely melted, rotation was started 
at 190 r.p.m. and the previously mixed 
slag ingredients were added slowly through 
a funnel in the cap. After about ro min., 
metal samples were taken by suction into 
a 5-mm. quartz tube 7 and the power was 
turned off; samples of both slag and metal 
were also taken from the solidified material. 

Temperatures were observed with an 
optical pyrometer corrected for the emis- 
sivity of iron, and the power input was 
adjusted to maintain a constant tem- 
perature before the slag constituents 
were added; no further temperature 
measurements were made, owing to the 
unknown emissivity of the slag. The last 
temperature reading prior to slag addition 
was recorded as the temperature of the 
heat. The data from a series of runs made 
at 1560° and 1660°C. show no significant 
differences and therefore are combined and 
reported as representing conditions at 
1600°C. For this reason it is not felt that 
the calculation of a temperature coefficient 
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is justified, but it would appear to be very 
small 

The slags were prepared by mixing vary- 
ing amounts of Fe,O3; and B.Q3. Since 
ingot iron is highly oxidized, the final 
slag compositions were always much lower 
in BO; than the initial mixture owing to 
pickup of iron oxide from the metal. 
Normally no other additions were made, 
so any deoxidation of the metal which 
occurred during the heat was accomplished 
through reaction with the slag, and any 
boron found in the metal was reduced from 
the slag. In these heats equilibrium in 
the metal was approached from the high- 
oxygen low-boron side. In the few special 
cases noted in Table 1 ferroboron was 
added to the melt before any slag addi- 
tions were made. In these heats equilibrium 
was approached from the opposite side; 
i.e., low-oxygen, high-boron. 

The sampling of these small heats 
during difficult. Samples 
were taken periodically in heats 31 and 


rotation was 


32 to establish operating conditions but 
subsequently. one molten 
sucked into a quartz tube just before the 


power was turned off and samples were 


sample was 


also taken from the solidified ingot and 
slag The samples taken by suction were 
erratic and frequently contained slag; 
they were generally higher in boron and 
oxygen than samples cut from the ingot. 
The ingot samples, solidified in the 
crucible, actually froze within about one 
minute of the time the power was turned 
of The data from these ingot samples 
are -egarded as the most reliable because 
they contained no entrapped slag, and 
they are used exclusively in the discussion 
to follow. 

The metal samples were analyzed for 
oxygen by vacuum fusion. The boron in 
the metal was determined by a modified 
Chapin distillation-titration method® and 
the procedure was checked with Bureau of 
Standards samples. Silicon was deter- 


mined also, for reasons that will become 


DERGE 95 


apparent. The conventional fluoride vola- 
tilization method'* was used for silicon. 
The slags were analyzed for BO; by a 
modified Chapin method, for silica by 
fluoride volatilization, and for total iron 
(reported as FeO) by the Zimmermann- 
Reinhardt method.'4 


EXPERIMENTAL DATA 


The data from all satisfactory runs are 
listed in Table 1. In many cases the total 
slag analyses are considerably less than 
roo per cent, and a few slags total slightly 
more. The results in the table all represent 
averages of duplicate analyses in good 
agreement with each other. Some of the 
deviations may be accounted for by the 
fact that the iron was all reported as FeO 
while actually some Fe,O; was probably 
present. Complete analyses for the other 
normal slag constituents: CaO, MgO, 
Al,O; did not account for the discrepancies 
found and it must be admitted that some 
of the discrepancies are larger than might 
be expected. The analytical procedures 
were all reviewed carefully and checked 
with standard samples. It may be that 
they can be explained by some unknown 
complex of iron and boron oxides. Heats 
that were used solely for the purpose of 
establishing sampling techniques, or which 
were interrupted by such uncontrollable 
causes as crucible failure, have been 
omitted. In the following treatment only 
analyses from the metal and slag that 
froze in the crucible have been used and 
no distinction has been drawn between 
heats made at different temperatures. 
The reasons for this have already been 
outlined. 

In Fig. 2 the data for percentage of 
boron in iron have been plotted against 
percentage of B.O; in slag for the heats 
made in silica crucibles. The slags con- 
tained 2.4 to 49.1 per cent silica and will 
be referred to as silicate slags. This plot 
shows that it is possible to introduce 
from zero to slightly more than o.1 per 
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cent boron into the metal by increasing rasorite can be used for control of oxygen 
the B,O; content of the slag up to about in rimming steels. 

50 per cent. The 0.003 per cent boron The same data are plotted in Fig. 4 
specified in most boron steels is in equilib- to show the relations between boron and 
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Fic. 2.—PERCENTAGE OF B;O; IN SLAG VS. PERCENTAGE OF B IN METAL. 
Heats from silica crucibles, see Table 1, part A for heat data. The double circles indicate 


equilibrium approached from high-boron side. 


rium with a slag containing only 5 per cent 
B.Os. 

The data for percentage of oxygen in 
iron are plotted against percentage of 
B.O; in silicate slags in Fig. 3, which shows 
that oxygen levels down to 0.02 per cent 
can be obtained by varying the slags from 
zere to so per cent B,O;. This curve 
provides experimental confirmation of the 
observation made in mill practice that 


oxygen dissolved in liquid iron, and the 
familiar shape of a deoxidation curve is 
apparent. The position of this boron 
deoxidation curve is near that of silicon," 
and since the bath was in contact with a 
silicate slag in a silica crucible it is advisable 
to consider the boron-silicon relations in 
these melts (see Fig. 5). In this plot no 
relation is shown between boron and 
silicon in the metal, and a wide range of 
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silicon values is associated with any given 
boron content, which indicates that in 
these experiments the oxygen was con- 
trolled by boron rather than by silicon. 
For example, in the three heats with a 
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they were not saturated with silica—a 
condition that is required for application 
of such data!*—quantitative consideration 
of the combined effects of boron and silicon 
would seem to be fruitless. 
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Fic. 3.—PERCENTAGE OF B:O; IN SLAG VS. PERCENTAGE OF O IN METAL. 
Heats from silica crucibles, see Table 1, part A for heat data. Double circles indicate equili- 


brium approached from high-boron side. 


boron content of about 0.01 per cent boron 
the silicon was found to vary from o.o1 
to 0.06 per cent silicon, but in Fig. 4 the 
oxygen for these same heats is between 
0.050 and 0.056 per cent oxygen. Two of 
these heats started with a lower oxygen 
content and one started with a higher 
oxygen content. In this example, appar- 
ently the final oxygen content was deter- 
mined by the boron rather than the silicon. 
One is thus forced to conclude that the 
consistent character of the boron de- 
oxidation curve in Fig. 4 is due to boron. 
In view of the considerable range of 
reported values for the silicon deoxidation 
constant,'! and the fact that the range of 
silica analyses in the slags indicates that 


In order to avoid any possible mis- 
interpretation due to the presence of 
silicon, a few heats were made in magnesia 
crucibles. The resultant slags contained 
0.1 to 4.73 per cent silica and the iron had 
a maximum of 0.009 per cent silicon. As 
with silica crucibles, equilibrium was 
approached from both the low-boron and 
the high-boron side. The values for the 
boron and oxygen found in these runs 
are shown in Fig. 6. These data show some- 
what higher oxygen values than the data 
obtained from silica crucibles. The data 
are fewer than were obtained from silica 
crucibles. Greater experimental difficulties 
were encountered with the magnesia 
crucibles; these apparently were due to 
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the well-known high solubility of iron 
oxides in magnesia. Solution of iron oxide 
in the magnesia crucibles occurred during 
melting and the crucible then served as a 


skimming the initial slags and adding 
more B,Q3. It is not believed that slag- 
metal equilibrium was approached as 
closely as in the runs made in silica 
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source of iron oxide to both slag and metal 
and made it difficult to attain a boron- 
oxygen equilibrium.’® Heats 60 and 63 
finished with higher B,O; content in the 
slag than the other magnesia-crucible 
heats. These slags were obtained by 
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crucibles. For these reasons, it is felt that 
although the data obtained with magnesia 
crucibles demonstrate qualitatively that 
boron oxide slags act as deoxidizers and 
that boron can be transferred from slag 
to metal at these oxygen levels, the quan- 
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titative data are not as reliable as those 
obtained with silica crucibles. These 
remarks are based on experimental ob- 
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of the data indicate that the amounts of 
boron found in the iron are not due to slag 
inclusions. Indeed, if the latter possibility 
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Fic. 5.—PERCENTAGE OF B IN METAL VS. PERCENTAGE OF SILICON IN METAL. 


Heats from silica crucibles, see Table 1, part A for heat data. Double circles indicate equili- 


brium approached from high-boron side. 


servations. The data will be considered 
statistically in the next section. 


DISCUSSION OF DATA 


Several of the solidified ingots were 
examined microscopically, to provide an 
additional check on. the chemical analy- 
ses for oxygen and boron. Large slag 
inclusions were not observed, but the low- 
boron, high-oxygen samples showed struc- 
tures typical of iron silicates that have 
separated during freezing (Fig. 7a). The 
intermediate boron samples showed fewer 
of these iron silicates and increasing 
amounts of the intergranular constituent 
commonly associated with high-boron 
steels (Fig. 75); while the high-boron 
samples showed larger patches of this 
boron constituent (Fig. 7c, d, e, f). These 
observations and the general consistency 


were correct, the high-boron samples 
would then be high in oxygen, and this is 
not true. 

It would thus appear that the data 
obtained from silica crucibles present an 
experimental study of the equilibrium for 
the reaction considered theoretically by 
Gurry:* 


2B (% liquid Fe) + 30 (% liquid Fe) 
= B,O; (slag) 


And making the conventional assumption 
that the activity of B.O; (slag) is unity, 
one can evaluate the deoxidation constant: 


I 
B*(% liquid Fe) X 0°(% liquid Fe) 
2.4 X 108 


Ks = 
Kz = 





This value of Kg is the average of the 24 
heats that were made in silica crucibles. 
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The average for 14 heats made in magnesia 
crucibles is 34.7 X 108, while the average 
for all heats is 14.3 X 108. 

In these experiments the convention 
of using unit activity for the B,O; in the 
slag is not rigorous, for the slags are not 
saturated with B.O;, and it was thought 
that a better constant might be obtained 
by some other treatment. The most satis- 
factory solution found has been to use 


molecular species in the slag are SiOz, 
FeO, and B,O;. Another constant, K me,B,0,, 
was figured on the assumption that the 
molecular species are SiO», FeO, and 
B,Og. Still another constant, Kmepo, X 
Si.0,, was derived on the assumption 
that the slag contains Si,O,, FeO, and 
B,O.. The standard deviation o and the 


o 
coefficient of variation zk are shown for 


TABLE 2.—Data from Different Crucibles 








Combined Data 











| 
| Silica Crucibles, Magnesia Crucibles, Silica plus 
19 heats 14 heats Magnesia Crucibles, 
| 33 heats 
a a a ee 
| Aver- Std. eet. 
| age K | Dev. | ation i - ; ™ 
| Z ae K g K K a R 
i o-= 
| K o | & 
en. Sle ioe 2.32 2.56 | 1.10 | 34.7 82.9 2.38 | 16.08 | 56.3 3.51 
[%B}*i %O}? ee . : ° i 7 . *- : 5U. -3> 
KB,0, = KB X wt. %B:203........| 29.38 | 22.46 | 0-77 | 49.3 98.4 2.00 | 37.4 67.6 1.81 
KmaB,0, = KB X m %B:0;: | 
(BsOs, FeO, GiOs)..'... 2. 52.5.4] 9053 26.5 | 0.86 5.8 8.8 ia 19.9 24.3 1.2 
KmaB,0, = KB X m %BiOc 
(Bae, Pot), Gia)... 322255255 18.60 | 18.39 | 0.99 3.21 5.11 | 1.59 | 12.07 | 16.24} 1.35 
Km@B,0,-Si204 = KB X m 
%BsOs (BiOs, FeO, Si2zOa)...... 21.82 | 19.78 0.91 | 








All values for K and @ should be multiplied by 108; ic., KB = 2.32 X 10%. 


the weight percentage of B,O; in the slag 
in the following equilibrium expression: 


2B (% liquid Fe) + 30 (% liquid Fe) 
= B.0; (% slag) 
B.O3; (% slag) 
B*(% liquid Fe) X 0°(% liquid Fe) 
= Kp X B20; (% slag) 


The values for Kp,o, are listed in Table 1, 
and a cursory examination indicates that 
this is a slightly better constant than Kg. 
Several other variations have been in- 
vestigated, but none of these appears to 
have any advantage over the simple use 
of weight percentage B.O; in the slag. 
The average values K of some of these 
are included in Table 2. The values for 
Kme,n.0, were calculated using mol per- 
centages, on the assumption that the 





Ks.0; = 


each treatment. The coefficient of variation 
probably affords the best means of com- 
parison because the numerical values of 
the constants derived by different methods 
have varying orders of magnitude. In 
making these comparisons it was necessary 
to limit the calculations to the heats for 
which complete analytical data were 
available. These quantities are listed 
separately for the heats in silica and 
magnesia crucibles and for all heats com- 
bined. In considering the Kg values for 
the various combinations of data it is 
evident from the o values that the Kg 
value for silica crucibles is considerably 
better than for magnesia crucibles, or 
for the heats from all crucibles combined, 
and this is in accordance with observations 
made during the experiments. The same 





| 
| 
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statement can be made concerning Kg,0,. 
The comparisons between Kg, Kz,o, and 
other constants can be made best by the 
coefficients of variation. For the heats 
from silica crucibles, the coefficients are 
nearly the same, but an advantage can 
be claimed for the treatment involving 
the percentage of B,O; in the slag. The use 
of mol per cent is slightly better for mag- 
nesia crucibles. When the combined data 
from silica and magnesia crucibles are 
considered the coefficient is lower when 
the mol percentage of BO; in the slag 
is taken into account. The conclusion is 
that the most reliable data are from silica 
crucibles and that under these conditions 
we do not have sufficient knowledge of 
slag chemistry to benefit much by cor- 
recting for the B,O; content of the slag; 
however, if all types of slag are to be con- 
sidered, some advantage may be gained 
from this correction on 
possible molar basis. 

For purposes of discussion, the metal- 
oxygen data for carbon, manganese, silicon 
and aluminum as reported by the Physical 
Chentistry of Steelmaking Committee, 
are plotted in Fig. 8. (A log-log scale is 
used to include a wide range of composi- 
tions.'?*.!°) The experimental points for 
boron obtained with silica crucibles are 
shown with open circles and the dashed 
line represents the average for these points 
as calculated above; 


the simplest 


Kp = 2.4 X 108 


The solid circles represent the data 
obtained with magnesia crucibles. The 
band calculated by Gurry‘ is also shown 
and the marked difference between: this 
band and the experimental results is 
apparent. In considering this difference, 
the first question to be answered is whether 
or not equilibrium was attained in the 
experiments. Table 1 shows that most 
heats were sampled 10 to 15 min. after 
the final slag addition. These short times 
were necessary because of the experi- 
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mental difficulties, already pointed out. 
Slag attack on the crucible material made 
longer runs difficult. However, several 
heats were continued for 45 min. and No. 34 
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%B in metal 


Fic. 6.—PERCENTAGE OF B IN METAL VS. 
PERCENTAGE OF O IN METAL. 

Heats from magnesia crucibles, see Table 1. 

part B, for heat data. Double circles indicate 

equilibrium approached from high-boron side. 


ran 75 min. {Table 1.) The data from these 
longer runs are in satisfactory agreement 
with the data from 1o-min. runs. There 
is every reason to believe that this was 
actually sufficient time to attain equilib- 
rium. The experiences of Fetters and Chip- 
man!® are typical of those reported in the 
literature; with a stationary induction 
furnace and a 65-lb. iron melt, they found 
that equilibrium was reached in 18 to 
23 min. after any slag addition. The 
additional slag-metal interface and the 
added mixing obtained with the rotating- 
crucible technique, and the small charge 
of only 34% Ib., would all indicate that 
ro to 15 min. should be sufficient time for a 
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Fic. 7.—MICROGRAPHS OF SOLIDIFIED INGOTS. 
. Heat No. 53; 0.00049% B (X 100). 


. Heat No. 29; 0.0049% B (X 100). 
. Heat No. 41; 0.06% B (X 100). 
Original magnifications given; reduced about one fifth in reproduction. 


e. Heat No. 79; 0.23% B (X 


d. Heat No. 41; 0.06% B(X 5 


jf. Heat No. 79; 0.23% B(X 5 
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close approach to equilibrium. Also, the 
data from all heats in both magnesia and 
silica crucibles are self-consistent, and the 
same final equilibrium was approached 


increase in oxygen with increase in boron. 
Furthermore, if the equilibrium curve is 
below the experimental curve shown in 
Fig. 8, the boron found at any given oxygen 
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Fic. 8.—CoMBINED DEOXIDATION CURVES Mn, Si, C, Al, B-Gurry, B-ExpERIMENTAL. 


o SiO; crucibles. 
© SiOz crucibles 


© MgO crucibles 
® MgO crucibles. 


from opposite directions. It has also been 
shown that the shape of the deoxidation 
curves in Figs. 4 and 6 establishes that the 
sampling was satisfactory and that increas- 
ing amounts of boron do not represent 
entrapped slag, for this would require an 


} Equilibrium approached from high-boron side. 


i1ovel represents a supersaturation of boron 
in the liquid iron and this does not seem 
likely, since in the heats that started on 
the high-oxygen side all the boron must 
enter the iron by reduction from slag at the 
slag-metal interface. 








4 
it 
, 
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Since the experimental data represent 
a true equilibrium, the difference from 
Gurry’s calculated value for Kg should 
be analyzed. This difference is of the order 
of 10° for the case Gurry has selected with 
an activity coefficient of 0.02 for boron 
in iron. If both the experimental and 
theoretical values are accepted, a means 
is provided for calculating the activity of 
boron oxide in the slag, but in view of the 
uncertainties about the molecular con- 
stitution of these slags this operation seems 
meaningless. All simple assumptions lead 
to absurdly high activities. It should be 
pointed out that the limited data on hand 
made it necessary for. Gurry to assume 
activities for boron oxide in the slag and 
boron in the metal, and to estimate the 
entropy of melting of boron. It is not clear 
how the differences between the theoretical 
and experimental values should be dis- 
tributed among these various items, but 
it is not felt that the reliability of the 
calculation is great enough to discredit 
the experimental value. The experiments 
show that the deoxidizing power of boron 
in liquid iron is comparable to that of 
silicon rather than aluminum. 

An indication of the general usefulness 
of this experimental constant is given by a 
magnesia-crucible heat in which a simu- 
lated open-hearth slag was used: 


SLtaG ANALYsIs, PER CENT 


B20; 2.46 
FeO 54.8 
SiO: 7-°) cao + MgO 
CaO 30.1 a al = 
MgO 4.8 : 
METAL, PER CENT 
B = 0.0017 
O=0.14 
Kp = 3.6 X 108 


Ks, = 8.8 X 108 


It is evident that even though this slag 
has markedly different chemistry from 
those in Table 1, equilibria in the metal 
and between slag and metal are of the same 
order as those in the simpler slags. 


The implications of these data for steel- 
making operations should be reviewed: 
Since oxygen levels comparable to those 
obtained with silicon can be reached under 
ferroborate slags, the deoxidation of low- 
carbon steels by the use of borax-containing 
minerals, as rasorite, is a technically sound 
operation and should not be regarded with 
suspicion. The extensive fluxing powers of 
borax are well known and such a treatment 
might be expected to produce a very clean 
steel and be a desirable method for pre- 
liminary deoxidation. In these experiments, 
it was observed qualitatively that all of 
the slags used were very fluid even well 
below the melting point of iron. The 
experiments also indicate that by using 
proper oxygen control it should be possible 
to introduce a specified amount of boron 
into steel by a ladle reaction with borax, 
which would generally be a cheaper process 
than the use of expensive ferroalloys. Such 
a treatment would produce a ladle slag 
in substantial equilibrium with the steel 
and should result in good uniformity for 
the entire heat. Since the amounts of boron 
desired are extremely small, it seems likely 
that this method of control might be more 
satisfactory than the use of ferroalloys. 
Also, this means of lowering the oxygen 
activity of the slag should minimize 
ladle reactions with any easily oxidized 
alloy addition, such as chromium. The 
results reported would also indicate that 
boron can be eliminated about as easily 
as silicon if it enters the heat in the scrap. 
Conversely, the reduction of boron from 
a slag under only slightly oxidizing con- 
ditions, as after a furnace block on a high- 
carbon heat, or under a reducing slag in 
the electric furnace, may be expected to 
occur. Since such small amounts of boron 
are important in determining hardenability, 
these conditions should be checked care- 
fully. Corbett and Williams'? made many 
observations on the high efficiency of 
boron recovery from boron compounds, 
which are also in line with these expecta- 

















DISCUSSION 


tions. Such predictions require confirmation 
in practice but it is felt that the experi- 
ments provide some of the basic metallur- 
gical data that must be considered if 
the use of borax and boron is to be fully 
exploited in steelmaking practice. 


SUMMARY 


1. The boron-oxygen relations in liquid 
iron have been determined experimentally 
by analyzing for these elements in melts 
made under slags containing varying 
amounts of iron and boron oxides, using 
crucibles of both silica and magnesia. 

2. The results show that the deoxidizing 
power of boron is comparable to that of 
silicon and can be expressed by the 
constant 


Ks 
nee I 
~ B2(% liquid Fe) X 03(% liquid Fe) 
= 2.4 X 108 





3. The results show that the amounts of 
boron of commercial interest can be 
introduced into steel from boron oxide 
compounds and that these amounts are 
subject to control by suitable oxygen 
control. 
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DISCUSSION 


(R. L. Forrest presiding) 


N. F. TrspaLe.*—This peper goes a long 
way to explain some hitherto unknown boron 
phenomena. With reference to analysis of 
boron, I am afraid that the author may get 
into trouble with some chemists in Pittsburgh 
who are regularly analyzing for boron on full 
heats of steel. There are several that claim to 
check in the third place, and plus or minus 
two in the fourth place. We ourselves use the 
spectrograph for determining boron and have 
developed an accurate method that compares 
favorably with the chemical methods. 


* Molybdenum Corporation of 


America, 
Pittsburgh, Pennsylvania. 
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The addition of boron oxide to the ladle or 
slag has been tried for a number of years, and 
it is known that boron is reduced to the metal. 
The part that is missing in the discussion is the 
uniformity of its effect in the form in which it 
is present. Some boron carbide has been found, 
and it could cause machining troubles. 

Since such very small amounts of boron 
(0.003 per cent) are used to obtain the desired 
physical properties, and small extra amounts 
would ruin the steel, I do not believe that the 
reduction of boron from boron oxide is depend- 
able enough to take a chance on producing 
off-grade steel by this method. 


F. G. Norris.*—This paper is a typical ex- 
ample of the results of an exchange of ideas. 
Observation of plant processes was discussed 
with a possible laboratory study in mind. The 
action of rasorite and other forms of borax 
had been observed in the shop, but not en- 
tirely understood. 

Professor Derge was sufficiently interested 
in this subject to investigate it in a systematic 
way. His results seem to be entirely in accord 
with the use and also the misuse of borax for 
deoxidizing purposes. 

Although outlined in general terms in the 
body of the paper, it may be profitable to 
describe in detail what happens in a ladle of 
steel containing say, 0.05 per cent O when 
about 50 or 6o lb. of rasorite is added. The 
rasorite is added during tapping and the usual 
amount of furnace slag covers the ladle. To 
what extent do the equilibrium studies apply 
to such a situation? What is a reasonable esti- 
mate of the oxygen content of the steel after 
such treatment? 


J. C. Sourmarp.f—It is interesting to have 
a direct determination of the boron-oxygen 
equilibrium in liquid steel and compare it with 
values calculated by Gurry'* from thermal 
data. The discrepancy is of considerable mag- 
nitude. A similar discrepancy exists in the 
aluminum-oxygen equilibrium between the 
calculated curve of Chipman"® and the experi- 


*Assistant Metallurgical Engineer, Wheel- 
ing Steel Corporation, Steubenville, Ohio. 

t+ Metallurgist, Titanium Alloy Mfg. Co., 
Niagara Falls, N. Y. 

18 R, W. Gurry: Trans. A.I.M.E. (1944) 158, 


98-106. 


19 J, Chipman: In Basic Open Hearth Steel- 
making, 497-498. 


mental curve of Wentrup and Hieber.*® The 
latter discrepancy has been ascribed by Chip- 
man to the difficulty of obtaining complete 
separation of aluminum oxide crystals from 
liquid iron. In the present equilibrium this can 
scarcely be the explanation, for with the 
fluidity of boron oxide slags separation should 
be obtained quite easily. A discrepancy also 
exists in the titanium-oxygen equilibrium be- 
tween the calculated values of Gurry"* and the 
direct determinations of Wentrup and Hieber*! 
although to a smaller degree. These dis- 
crepancies, all in the same direction, suggest 
that there may be something inherently wrong 
with the theoretical calculations and that the 
published'* deoxidation values for zirconium 
and vanadium also may be in error. It is the 
purpose of this discussion to examine the theo- 
retical calculations in detail. 

The calculated oxygen concentrations in 
liquid iron in the instances cited are based on 
calorimetrically determined values of the free 
energies of the various oxides of the various 
deoxidizing elements. These free-energy values 
apply to the conventional standard state of the 
pure substances at one atmosphere pressure. 
In steel deoxidation the oxygen, deoxidizer, and 
deoxidation product are not present as pure 
substances and the differences in the free 
energy between their actual state and the 
standard state must be determined, usually 
from the “‘activities” of the various substances. 
The activity of oxygen in liquid iron has been 
experimentally determined by Chipman, 
Vacher, and others, but the activities of most 
deoxidizing elements in stee] and their oxides 
in slag are pure assumptions. Thus the sources 
of error in the caltulated deoxidation values 
may be said to lie either in the calorimetric free 
energies or in the activities of the deoxidizing 
elements and their deoxidation products. 

The magnitude of the possible error in the 
standard free energy will be examined first. 
This will be estimated from the equilibrium 
concentrations 0.01 per cent B and 0.036 per 
cent O as read from the author’s Fig. 8 and 
Gurry’s activity coefficient of 0.02 for boron: 
The latter gives the smaller discrepancy of the 
two activity coefficients assumed by Gurry. 


% H. Wentrup and G. Hieber: Archiv Eisen- 
huttenwesen (1939-40) 13, 15-20. 

%H. Wentrup and G. Hieber: Archie 
Eisenhuttenwesen (1939) 13, 60. 
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The activity of the B,O, in the slag is a’most 
certainly less than its mol fraction because of 
its well-known compound-forming tendencies. 
Since the average molar concentration of 
B20; in Derge’s experiments is less than 0.13, 
the upper limit of the activity of B,O; should 
be less than o.1. Lower values tend to make the 
discrepancy larger. The activity of oxygen 
corresponding to the 0.036 per cent is calcu- 
lated as 1.44 X 1075 from the H:/H,0 equilib- 
rium over molten iron as measured by Fontana 
and Chipman.** These activities yield a value 
of about minus 200,000 cal. for the free energy 
of formation of B20; from liquid boron and 
gaseous oxygen. Gurry'® calculated minus 
254,600 cal. from thermal data. Thus the 
calorimetric quantities would have to be in 
error by some 54,000 cal. if Gurry is correct in 
his estimate of the activity of boron in steel. 

By far the largest single calorimetric quan- 
tity entering into the calculation of the free 
energy is the heat of combustion of boron. 
The value used in the calculations was that of 
Roth and Borger.** Roth is a calorimetrist of 
wide experience. It would be a very exceptional 
circumstance (for instance, an extremely im- 
pure sample) that would lead to an error of 
54,000 cal. His sample of boron was prepared 
by passing BCI; and Hy over a glowing tung- 
sten filament. Laubengayer, Hurd, Newkirk 
and Hoard*™ report that this method yields 
very pure boron substantially free from hydro- 
gen. Nevertheless, the heat of combustion of 
hydrogen is about minus 34,000 cal. per gram 
as compared with minus 16,100 cal. per gram 
for boron, and small amounts of hydrogen 
should materially affect the latter. But calcu- 
lation shows that the sample would have con- 
tained over 12 per cent hydrogen to have led 
to an error of 54,000 cal. in the heat of forma- 
tion of boron oxide. This seems to lie well out- 
side the possible hydrogen content. Probably 
10,000 cal. would be the limit of error from this 
source. 

The uncertainty in the estimated entropy of 
fusion of boron mentioned by the author 
could scarcely be more than 2 cal. per degree, 


2M. G. Fontana and J. Chipman: Trans. 
Amer. Soc. for Metals (1936) 24, 313-336. 

23 W. A. Roth and E. Borger: Ber. (1937) 
70-B, 791. 

% A. W. Laubengayer, D. T. Hurd, A. E. 
Newkirk and J. L. Hoard: Jnl. Amer. Chem. 
Soc. (1943) 65, 1924-1931. 
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which at steelmaking temperatures would be 
equivalent to about 7500 cal. Thus the maxi- 
mum error in the calorimetrically determined 
free energy probably does not exceed 20,009 
cal. which would account for less than 40 per 
cent of the discrepancy. 

The second source of error, the activity of 
boron in liquid iron, must therefore be held 
accountable for the major part of the dis- 
crepancy. Calculations from Derge’s data 
indicate that the activity coefficient of boron in 
liquid iron must be less than 0.001 and possibly 
as low as 0.0001, depending on how much error 
is assigned to the calorimetric free energy. 
Uncertainties in the activity of boron in the 
slag are in such direction as to require still lower 
activities of boron in steel. 

The reasons for such low activity coefficients 
of boron form a source of speculation. It is 
assumed that the iron used in the author’s 
experiments is virtually free from carbon, for 
boron probably forms a very strong carbide, 
which would in effect lower its activity in steel. 
Boron forms intermetallic compounds with 
iron in the solid state and some of this affinity 
probably carries over into the liquid state. 

There is a strong implication that thermo- 
dynamicists have been estimating high values 
for the activity coefficients of deoxidizing 
elements in liquid steel. We should have 
more experimental data on this subject, not 
only for the liquid state, but also for the solid, 
inasmuch as the calculation of equilibria in- 
volving stabilization of carbon and nitrogen 
also depends on these activity coefficients. 


J. Curpman.*—I think it would be rather a 
pity to leave the discussion of this very good 
paper without some comment on the value 
and merit of the work done. This is a very good 
piece of work, which shows us a great deal 
more than we used to know about the chemistry 
of boron in steel. 


G. DercE (author’s reply)—The discussions 
of this paper have served to clarify some of the 
difficulties of experimentation and interpreta- 
tion encountered by the author, and he is very 
appreciative of these remarks as well as the 
comments on the value of the results. 

The determination of which analytical 


* Professor of Metallurgy, Massachu- 
setts Institute of Technology, Cambridge, 
Massachusetts. 
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methods should be used for boron in the metal 
and slag was a difficult problem. The selection 
of a modified distillation titration for the slag 
analysis was quite obvious. Even though the 
exact problem had not been described in the 
literature, it did not appear likely that either 
colorimetric or spectrographic methods could 
hold much promise for the large amounts of 
boron oxide that were anticipated. Moreover, a 
high order of accuracy was not required. The 
selection of a method for boron in the iron was 
more difficult. At the time the work was 
started, off-the-record symposia were based on 
this very question and difficulties were reported 
on all methods; but the Chapin method seemed 
best established and best suited to the wide 
range of compositions expected. If this same 
work were being planned today, the analytical 
picture would be more as Mr. Tisdale has 
described it. 

The possibility of influencing machinability 
adversely by introducing boron through a slag 
reaction is difficult to imagine. If a given steel 
composition exists in the ladle as a true homo- 
geneous liquid, the distribution of boron be- 
tween carbides and a solid iron phase will 
depend upon freezing processes only and not 
on the method by which the boron was intro- 
duced into the liquid. It is conceivable, how- 
ever, that a boron-bearing ferroalloy may 
contain boron carbides that do not become 
molten in the ladle. These will survive in the 
poured ingot as a heterogeneous constituent. 
The use of boron oxide slags asa source of 


boron seems to be the safest way to avoid 
this risk. 

The review of the sources of error in thermo- 
dynamic data by Dr. Southard shows very 
clearly the importance of obtaining experi- 
mental! values of deoxidation constants, the 
experiments simulating conditions to be en- 
countered in actual practice. I would like to 
emphasize what he and many others have 
pointed out but very few have appreciated, 
that “these free energy values apply to the 
conventional standard state of the pure sub- 
stances at one atmosphere pressure.”’ This 
condition can very seldom be realized in any 
real case. Our experiments illustrate this point. 
Even when boron oxide was the only slag con- 
stituent added, the slag samples analyzed 
upward of 20 per cent iron oxide. Imagine what 
must happen in the problem proposed by 
Mr. Nerris, in which only 50 Ib. of rasorite is 
added to 100 tons of steel. I do not wish to 
avoid the issue presented by Mr. Norris, but 
I believe the basic slag described at the end of 
the paper shows that the experimental equi- 
librium constant can be used as a first approxi- 
mation for predicting the oxygen level to be 
expected from this treatment. Beyond this, 
such mill variables as steel composition, slag 
composition, temperature, ladle size, and time 
in the ladle must cause deviations that must be 
determined for individual practices. It is my 
belief that these deviations will not be large, 
but this must be determined in the mill, and is 
beyond the scope of this paper. 








An Equilibrium Study of the Distribution of Phosphorus between 
Liquid Iron and Basic Slags 


By THEODORE B. WINKLER,* JuNIOR MEMBER AND JOHN CHIPMAN,f MEMBER A.I.M.E. 


(Chicago Meeting, February 1946) 


In order to understand more fully the 
complexities of the reactions occurring 
between the liquid steel and the slag in 
the basic open-hearth steelmaking furnace, 
investigations in this country and abroad 
have turned to laboratory equilibrium 
studies. This paper is one of a series of 
reports on investigations being conducted 
at the Massachusetts Institute of Tech- 
nology. The experimental work was com- 
pleted early in 1942: 

The slag systems found in the basic 
open hearth are very complex, being made 
up of at least eight major components 
and as many others whose effect might be 
classified as minor. The first two papers 
of the series, by Fetters and Chipman,!? 
as well as the paper by Taylor and Chip- 
man,’ dealt with the simplest possible slag 
system that would resemble those found 
in the basic oper. hearth—the slag system 
consisting of CaO-MgO-SiO.-FeO. (Tay- 
lor’s rotating induction furnace eliminated 
the necessity of contamination of the slag 
by MgO.) 

Having arrived at some reasonable 
conclusions regarding the physical chemis- 


This paper is based upon a thesis submitted 
by Theodore B. Winkler in partial fulfilment 
of the requirements for the degree of Doctor 
of Science at the Massachusetts Institute of 
Technology. Manuscript received at the office 
of the Institute Nov. 3, 1945. Issued as T.P. 
1987 in METALS TECHNOLOGY, April 1946. 

* Graduate Student, Massachusetts -Insti- 
tute of Technology, Cambridge, 
now with Bethlehem Steel Co., 
Pennsylvania, 

Tt Professor of Metallurgy, 
Institute of Technology. 

1 References are at the end of the paper. 
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try of the reactions between molten iron 
and the simple slags at equilibrium, the 
next step was to investigate more complex 
slag systems. The major purpose of the 
present investigation was to determine 
what factors control the distribution of 
phosphorus between molten iron and the 
more complex basic slags at equilibrium, 
and to what extent these factors are 
influential. The slags used contained CaO, 
MgO, SiOz, FeO, Fe.03;, POs, MnO, 
Al.O; and CaF2, but not all of the slag 
samples contained all of these com- 
ponents at one time. 


REVIEW OF LITERATURE 


Although a number of interesting 
papers have been published on the subject 
of dephosphorization of an iron bath, 
there are as yet no results from laboratory 
studies that give thoroughly reliable 
information on the dephosphorization 
reaction. Even for the supposedly simple 
Fe-O-P system involving iron-phosphorus 
melts and iron oxide-iron phosphate 
slags, the experimental results are con- 
tradictory and no formulas have been 
established that adequately fit the equilib- 
rium conditions. The Fe-O-P system .has 
been studied by Schackmann and Krings,‘ 
von Samson-Himmelstjerna,® Oelsen and 
Maetz,® Bischof and Maurer,’ Diepschlag 
and Schiirmann,* and Herty,® and the 
results of their investigations appear in 
Table 1. A number of different equilib- 
rium constants and distribution ratios 


Ii! 








ee hp a ER ne 


rch. gat PeMreTT 


' 
t 
{ 


: 
ii 
4 


zt2 


EQUILIBRIUM STUDY OF THE DISTRIBUTION OF PHOSPHORUS 


TABLE 1.—Previous Investigations of Fe-O-P System 




























































































Tempera- Metal Slag | eqs . 
ture, C, P, P2Os, FeO, Impurity, Kri_ | Bqulitbeham Constant 
Deg. C. Per Cent | Per Cent | Per Cent | Per Cent | Per Cent | 
Herty® © 
1510 Electro- 4.99 24.5 75-5 0.095 | . 
1510 lytic iron 3.42 19.4 80.6 0.089 | 
1510 3.64 21.7 78.3 0.074 | 
I510 3.87 22.5 77.5 0.007 
Diepschlag and Schiirmann® 
1570 0.10 0.75 1.63 98.37 | 0.016 s 
1520 0.10 0.68 1.53 98.47 0.018 
1570 0.15 0.80 1.23 98.77 0.OII | 
ae 0.01 0.72 1.37 98 .63 0.015 | 
von Samson-Himmelstjerna® 
Kp: 
1550 Armco 4.13 21.0 79.0 | 0.055 2.8 X 1078 
1550 iron 4.23 20.7 79.3 0.050 3.1 
1550 3.84 20.0 80.0 0.051 2.5 
1550 2.77 12.8 87.2 0.023 3.4 
1550 3.41 11.6 88.4 0.012 8.6 
1550 - 1.64 5.6 04.4 | 0.015 3.4 
1550 1.79 4-5 95-5 } 0.0095 7.6 
1550 4.37 16.6 83.4 | 0.020 8.2 
1550 2.62 11.6 — ee 0.021 3.6 
1550 2.16 5.3 94.8 | 0.007 8.1 
Bischof and Maurer’ 
| Kps (%P20s)/[ SP] 
Ir50 | 7.86 36.2 63.8 | 93.5 | 0.147 4.60 
1150 0.55 7.05 35.1 64.9 21.2 0.252 4.97 
1450 0.32 5.04 | 7.2 | 72.8 0.214 0.239 5.37 
1500 | 0.67 | 8.35 36.0 i * 64.0 63.3 0,140 4.31 
1500 0.20 9.05 34.8 65.2 9.0 0.132 3.84 
1574 1.89 10.9 89.1 0.035 0.601 5.76 
Maurer and Bischof? 
SiO: : ( %P20s)/[ %P] 
1535 Armco 2.95 10.86 88.71 0.36 0.014 3.68 
1540 iron 3.40 10.72 87.31 | 2.29 0.011 3.15 
1550 5. St 5.16 91.70 | 2.32 0.017 3.43 
1540 | 1.98 | 8.098 89.20 | 0.68 0.023 4.75 
1550 1.69 i 6.54 90.183 0.75 0.016 3.87 
1530 | 6.14 | 22.24 75.28 | 1.18 0.039 3.63 
1540 7.56 10.57 79.04 1.02 0.013 2.59 
1550 3.34 10.10 87.24 0.95 0.010 3.00 
Schackmann and Krings* 
| | Al:Os; Keé 
1450 Armco 2.06 ga.6. 1 79-3 | 8.2 0.049 0.081 
1450 iron 3.15 19.0 | 78.3 2. 0.069 0.064 
1450 3.46 23.6 73.9 | 2.8 0.178 0.043 
1450 3.98 20.9 | 71.4 7.7 0.087 0.058 
1450 4.95 oS ae 5.1 0.213 0.049 
1450 6.62 26.7 | 65.2 | 8.1 0.263 0.058 
| i ZrO: 
1450 7.95 | 33.8 i 64.5 2.9% 6.82 0.043 
1450 8.23 32.8 | 61.8 5.5 9.10 0.043 
1450 10.60 33.8 61.1 5.1 18.3 0.058 
1450 11.83 35.7 60.4 3.9 276.0 0.059 
1450 15.20 37.7 55.0 7.4 0.063 
1450 19.50 44.3 50.6 5.1 0.053 
1525 13.90 31.4 53.5 15.1 1.39 0.079 
1525 12.00 27.8 57.1 rs. 0.706 0.093 
1525 7.17 24.3 66.1 9.6 | 0.085 0.081 
1525 5.80 17.8 77.0 15.2 0.017 0.114 
1525 4.87 9.45 69.1 21.5 0.0068 0.265 
1525 4.32 10.8 13.4 14.8 | 0.0098 0.212 
1525 4.17 II.§ 74.1 14.4 0.012 | 0.186 
1525 3.81 6.25 75-7 18.0 0.0046 | 0.407 
1525 3.70 4.60 75.8 19.6 0.0031 | 0.575 
1525 2.52 3.44 79.3 17.1 0.0043 0.553 
1525 1.43 1.27 77 «2 | 21.4 | 0.0043 0.863 
1525 0.93 1.64 86.8 II.5 0.012 0.478 
1525 0.64 0.73 83.2 16.1 0.012 0.720 
* Herty and Diepschlag and Schiirmann: Kp; = Se etP) where (3Fe0.P:0s), (FeO) = mol fractions, 
[P] = weight per cent. 
’von Samson-Himmelstjerna: Kp: = (FeO)*[FesP]}? where all concentrations are expressed as mol 
: : - [Fe]#4(3FeO.P20s) 
tractions. 
‘ (FeO) {P}? ‘ : 
¢ Bischof and Maurer: Kp; = —_-—- where all concentrations are expressed as mol fractions. 
[Fe]}§(P20s) 


@Schackmann and Krings: Kr = 


per cent phosphorus. 





(FeO) { =P] 
[Fe]§(P2Os) 


where (FeO), (P:0s), [Fe] = mol fractions, [=P] = weight 
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were devised by the different investiga- 
tors, but for the sake of comparison, the 
one proposed by Herty was used to make 
calculations comparing the experimental 


plants were used in the evaluation of the 


various methods. Zea’s summary table, 
which is reproduced in part below, indi- 
cates that the method of Schenck and Riess 
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PER CENT PHOSPHORUS IN METAL 
Fic. 1.—PUBLISHED DATA ON Fe-O-P SYSTEM. 


data collected by the various investiga- 
tors. The data yield a “constant” that is 
far from constant (Table 1), for the 
values vary between 0.0031 and 276. 
To illustrate further the inconsistency 
of the data, a composite diagram of the 
data (Fig. 1) was made in which the value 
of percentage of phosphorus in the metal 
was plotted against percentage of P.O; in 
the slag. 

In a new publication, Zea’® makes an 
appraisal of the methods set forth by 
Whiteley," Herty,* Maurer and Bischof,” 
and Schenck and Riess" for predicting 
the phosphorus content of a steel bath 
in a basic open hearth. Slag and metal 
analyses collected in two British steel 


gave the best results, but a maximum dis- 
crepancy between actual phosphorus and 
calculated phosphorus of 0.018 per cent 
is still too large to be of practical value. 


Discrepancy between Calculated and An- 
alyzed Percentage of Phosphorus, 





from Zea‘ 
. . . Num- 
Investigator Maxi-| Mini- | Aver- | ber of 


mum | mum / age | Sam- 
ples 














SEE ae 0.020 | 0.003 | 0.010 29 
Rea re ©.027|0.003/0.012/ 29 
Maurer and Bischof...| 0.019} nil | 0.006 15 
Schenck and Riess... .| 0.018 0.001 | 0.005 29 
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Schenck and Riess'* developed a set 
of equilibrium diagrams by which it is 
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possible to evaluate the free CaO and 
free FeO contents of a slag if the tempera- 
ture, tota] SiO., total MnO, total Fe and 
the available lime (total lime minus lime 
combined with P,O;) of the slag are known. 
For the construction of this set of diagrams 
equilibrium constants were calculated, 
using weight per cent as the concentration 
values, to determine how much of the total 
CaO and total FeO are tied up in compound 
formation. By substituting in the following 
equation the proper values for free CaO 
and free FeO, obtained from the diagrams, 
as well as the temperature and total P.O; 
content, the phosphorus content of the 
metal was calculated. 


[P](FeO)*(CaO)4 
5 (SP205) 
+. 0.060 (ZP,0;) 
51,800 


log Kp'V = — bar ase + 35.05 


log Kp'¥. = lo 





McCance™ studied dephosphorization 
and showed that no practical amount of 
dephosphorization was accomplished by 
slags of less than 32 per cent CaO. Tenen- 
baum!5 developed a constant to illustrate 
dephosphorization in the basic open hearth, 
but indicated that no dephosphorization 
could take place below a 2:1 lime-silica 
ratio. 

On the whole, the information published 
on dephosphorization is either too general 
and qualitative to be of any practical use, 
or the information that is quantitative 
has too many limitations to be of any use 
to the steelmaker. 


EXPERIMENTAL METHOD 


The induction furnace and the experi- 
mental procedure used in making the 
experimental heats are essentially the same 
as described by Fetters and Chipman.! 
One significant change was made in the 
furnace; namely, the method of providing 
a source of heat for the slag, which is not 
accomplished by induction heating. The 
slag was kept molten by the radiant heat 


from an arc drawn between two carbon 
electrodes suspended above the bath but 
within the furnace crucible (Fig. 2). The 
heat supplied was more intense than that 
furnished by the graphite slag heater 
previously used, and thus permitted the 
utilization of the more refractory high- 
lime slags so important in a dephosphoriza- 
tion study. 

The electrodes were made of 1}-in. 
graphite rods, so arranged that the length 
of the arc could be controlled by rotating 
the vertical parts of the electrodes. Power 
was supplied through a resistor from a 
230-volt line; an input of about 10 kva. 
was sufficient to heat the upper portion of 
the furnace to a temperature roughly 
approximating that of the metal. The 
electrodes normally lasted for about 8 hr. 
of continuous service before the tips became 
too short to strike an arc. No carbon pickup 
was observed in the metal as long as it 
was covered by slag. This was important, 
since a pickup of less than 0.01 per cent 
would have made accurate sampling 
impossible. It was not feasible to obtain 
exactly uniform temperature and in general 
it is probable that the slag was slightly 
hotter than the metal, thus reversing the 
gradient of former experiments in which 
an induction-heated block was suspended 
above the slag. It seems unlikely that the 
results are in any way vitiated by these 
irregularities. The heat transfer from metal 
to slag is quite good, by virtue of the rapid 
stirring in the metal. For this reason the 
slag layer next to the metal is always sub- 
stantially at the temperature of the metal. 

The experimental heats were made by 
melting a 65-lb. charge of Armco ingot 
iron in a magnesia crucible under a vacuum, 
to reduce the carbon content to below 
0.01 per cent. A mixture of oxides to 
provide a synthetic slag was added in 
sufficient quantity to cover the surface 
of the metal bath, and the slag heater 
was installed. A nitrogen atmosphere at a 
positive pressure was maintained within 
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Fic. 2.— INDUCTION FURNACE WITH CARBON-ARC SLAG HEATER. 
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the furnace, so that the subsequent 
equilibrium between slag and metal would 
not be disturbed by the oxygen in the air. 
The temperatures were measured with 
tungsten-molybdenum thermocouples, us- 
ing fused silica protection tubes and 
water-cooled or air-cooled thermocouple 
holders. The tungsten-molybdenum ther- 
mocouples were calibrated against plati- 
num-platinum 1o per cent rhodium couples, 
and subsequent checks on the calibration 
curves were made with platinum. couples 
under operating conditions. The accuracy 
of the temperature readings is at least 
within +10°C. The samples were taken 
by the use of small split steel molds, which 
were dipped into the bath. The molds for 
the metal samples were smaller in diameter 
and of heavier wall thickness than the slag- 
sampling molds, in order to provide rapid 
solidification of the metal and inhibit 
segregation within the sample. All the 
metal samples were sound and free from 
internal blowholes, a condition that is 
easily obtained when the carbon content is 
well below o.o1 per cent. 

The slag samples were analyzed by con- 
ventional chemical methods under care- 
fully controlled conditions for the oxides 
contained ; the reported values of the oxides 
being the result of check determinations. 
The metal samples were analyzed for 
phosphorus by conventional chemical meth- 
ods and the total oxygen content by 
the vacuum-fusion method; again the 
results reported were obtained from check 
determinations. 


UsE OF RADIOACTIVE TRACER TO STUDY 
RATE OF ESTABLISHMENT OF EQUILIBRIUM 


Since the data gathered in the investiga- 
tion were to be treated as equilibrium 
data in applying thermodynamic principles 
to arrive at a solution for dephosphoriza- 
tion, it is obvious that it was necessary to 
be sure that equilibrium existed at the 
time of sampling and temperature measure- 


DISTRIBUTION OF PHOSPHORUS 


ment. It was necessary to ascertain how 
long a time was required for the slag and 
metal bath to return to equilibrium after 
the equilibrium had been disrupted by a 
slag or metal addition or a temperature 
change. 

To arrive at the time interval needed to 
establish equilibrium, radioactive phos- 
phorus was used. Anhydrous tricalcium 
phosphate that had been made radio- 
active was added to the bath after the 
bath had been adjusted to a constant 
temperature. After the addition, metal 
samples were taken every 5 min. for 
40 min., after which the temperature was 
raised and samples were again taken every 
5 min. The metal samples were exposed 
to a Geiger counter, which determined 
the relative amount of radioactive phos- 
phorus in each sample. When the amount 
of radioactive phosphorus within successive 
metal samples reached a constant value 
as indicated by the Geiger counter, 
equilibrium had been re-established. As is 
clearly shown in Fig. 3, equilibrium was 
re-established within 15 min. in both tests. 
This experiment was carried out in two 
different heats, and the results were con- 
firmative. In order to be on the safe side, 
‘at least 30 min. was allowed after a bath 
addition or a temperature change before 


a set of samples and a temperature were 
taken. 


RESULTS 


In the course of the investigation, 11 
experimental heats were made and a total 
of 98 pairs of slag and metal samples were 
taken, each pair being accompanied by a 
temperature measurement. Space prohibits 
the publication of a detailed account of 
each of the experimental heats, but Table 2 
shows the clock time at which each set of 
samples and temperature measurement 
were taken, with accompanying chemical 
analyses of both the slag and metal 
samples. 
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INTERPRETATION OF RESULTS 
Having failed in numerous attempts 
at finding some simple correlation between 
a phosphorus distribution ratio and slag 
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It is obvious from the chemistry of the 
process that dephosphorization cannor 
proceed to any useful extent without the 
presence of free or uncombined lime. If 
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CLOCK TIME 
Fic. 3.—DETERMINATION OF EQUILIBRIUM BY USING RADIOACTIVE PHOSPHORUS. 


composition, the authors decided to attack 
the problem by the more devious and 
complicated route of calculating an equilib- 
rium constant for the dephosphorization 
reaction, which may be represented by the 
following chemical equation. The under- 
lined symbols indicate the components 
dissolved in the metal phase and the 
parentheses designate slag components. 


2P + 50 + 4(CaO’) = (4Ca0.P:0;) [1] 


The equilibrium expression for the chemi- 
cal reaction takes the following form: 


(24ca0.P,0,) 
page nn Sn 
[ar}*{a0]* (ac.07 

In Eqs. 1 and 2 the parentheses indicate 
the concentration of the slag constituents 
and the brackets the concentration of the 
metal constituents; a indicates the activity; 
CaO’ refers to free or chemically uncom- 
bined lime, but lime that is in solution. 


no free lime were present to form a stable 
calcium phosphate, the P.O; or iron phos- 
phate would be reduced by the metal bath 
and the dephosphorization could proceed 
only as far as the oxidation reaction would 
allow, which for the less strongly basic 
open-hearth slags is not far enough. It 
was necessary, therefore, to devise some 
reasonable measure of the free lime con- 
tent of the slags involved in this investiga- 
tion. It should probably be pointed out 
that the term “free lime” refers in this 
paper to lime that is in solution in the slag 
but that is uncombined in any way with 
any other substance, such as SiO, or 
Fe,O; or P,O;; it does‘ mot refer to undis- 
solved lime, found in most basic open- 
hearth slags. 


Constitution of Liquid Slag 


The controversial subject of the physical 
make-up of a liquid slag is a matter that 
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is far from being settled to the satisfaction 
of all concerned. However, it is certain that 
there is some sort of attraction between 
the components of slag systems. Probably 
the most easily visualized, most widely 
and easily used hypothesis for the con- 
stitution of liquid slag, particularly where 
thermodynamic calculations are employed, 
assumes that the oxide components of the 
slags form more or less stable chemical 
compounds somewhat similar to the com- 
binations that appear in the same slags 
in the solid state. Even though no definite 
compounds may form in the liquid state, 
the assumption at least affords a logical 
pattern for the attraction between the slag 
components that must exist in order to 
account for the slag-metal reactions in any 
metallurgical refining process. In preparing 
a quantitative measure of the dephos- 
phorizing power of basic slags, the assump- 
tion of the existence of chemical compounds 
in liquid slags is used in this paper. This 
does not mean that the authors believe 
that such chemical species necessarily 
exist; the immediate usefulness of the 
assumption is not dependent on its 
ultimate truth. The concept of a simple 
liquid slag, in which all molecular species 
obey the laws of ideal solutions, has such 
advantages of simplicity that it might still 
be the most useful basis for numerical 
calculations even if it led to fictitious or 
improbable molecular formulas. Up to the 
present time, and in the calculations that 
follow, the assumption has been found to 
be a useful and sufficient basis for a physico- 
chemical picture of slag behavior. It has 
not led to highly improbable formulas, 
although some of these do not correspond 
precisely with the more complex crystalline 
phases of the solidified slags. 

After many other combinations of molec- 
ular compounds had been tried in a careful 
study of the experimental data, it was 
found that the behavior of liquid basic 
slag on the average conforms most closely 


to the ideal solution laws when it is con- 
sidered as being made up of the following 
molecular species: 


1. Calcium orthosilicate.... 4CaO.2SiO, 

2. Calcium metasilicate..... 2CaO.2SiOz 

a ere: = 

4. Tetracalcium phosphate... 4CaO.P,0; 

5. Ferrous oxide........... FeO 

6. Monocalcium ferrite..... CaO.Fe,O; 

7. Monocalcium aluminate.. CaO.Al,0;* 

8. Acomplex phosphate. .... 4CaO.P.20;.CaF, 


The MgO and MnO contained in the slags 
were assumed to have the same basic 
behavior as CaO, consequently they exist 
in the free state or combined with SiOx, 
POs, FeO;, and Al,O;. They lose their 
identity in the calculations, since their 
molar values were added algebraically to 
that of lime. (It is recognized that assuming 
MnO to have the same basicity as CaO is a 
broad assumption, but this led to no 
inconsistencies in the results until the MnO 
content exceeded 12 per cent.) 

Calcium orthosilicate and calcium meta- 
silicate appear in the equations as double 
molecules, in the manner suggested by 
Taylor and Chipman.’ Without the use of 
the double molecule, the data could not 
be made to correlate properly. Preliminary 
calculafions indicated that tetracalcium 
phosphate would fit better than tricalcium 
phosphate but either could probably have 
been used with satisfactory results. Since 
one of the assumptions, which will be fully 
explained later, accounts for the presence 


* The recent work of Grant and Chipman,!* 
which was completed after the present paper 
was written, indicates the more probable 
existence of 2CaO.Al20s. Such a formula would 
fit the data of this paper about as well as the 
one that was used. For purposes of calculations 
on the behavior of phosphorus in slags of ordin- 
ary alumina content, it is a matter of little con- 
sequence which formula is employed, and for 
this reason it has seemed unnecessary to 
recalculate the data of this paper. In the more 
important conclusion, that alumina behaves 
as an acid in basic slags, the two investigations 
are in full agreement. 
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of free lime in virtually all of the slags 
encountered in the investigation, it was 


assumed that the Fe,0; found by chemical 


analysis existed in the liquid state as 
CaO.Fe,0O;. Therefore, the term FeO in 
this paper refers only to ferrous oxide, 
not a total iron value calculated to ferrous 
oxide. 

In a manner similar to that which led 
to the choice of tetracalcium phosphate, 
it was found that CaO.Al,0; worked 
best for slags containing any alumina. It 
has been proposed by numerous investi- 
gators that fluorspar in basic slags forms 
an apatite compound; it was found here 
that the data for slags containing fluorspar 
fell in line with other fluorspar-free slags 
if the spar was assumed to form a complex 
molecule with lime and phosphoric oxide. 


Calculation of Equilibrium Constants 


Returning to the equilibrium equation 
for the dephosphorization reaction, Eq. 2 
can be simplified by making substitutions 
for the chemical activities. The phosphorus 
in the metal phase probably occurs as 
Fe;P, but as far as any thermodynamic 
calculations are concerned, the quantity 
may be expressed in the terms of elemental 
phosphorus. In dilute solutions, the per- 
centage by weight of the solute so closely 
approaches the activity that ap may be 
substituted by percentage of phosphorus 
by weight. Similarly, it has long been 
known that the activity of oxygen may be 
expressed as per cent oxygen by weight. 
It has been assumed here that the metal 
and slag phases may be considered as ideal 
solutions; therefore, the activities of the 
slag components, namely, CaO’ and 
4CaO.P;0, may be expressed as mol 
fractions of those components. The equilib- 
rium constant now takes the following 
form, in which the parentheses indicate 
mol fractions of the slag components and 
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the brackets signify per cent by weight 
of the metal components: 


Ke= __(4CaO -P20s) [3] 
P ~~ [%P}*1%O)] CaO’) 

The weight percentage values for phos- 
phorus and oxygen were easily obtainable 
from analysis, but the mol fractions of 
free lime and tetracalcium phosphate 
presented quite another problem. In order 
to arrive at a mol fraction value of any of 
the slag components, it was necessary to 
establish a logical molten-slag constitution 
for the entire slag system similar to the 
one described in the preceding section. 

The chemistry of dephosphorization 
as expressed in Eq. 1 shows that the 
reaction cannot proceed to any reasonable 
extent without the presence of free lime. 
It is widely believed that CaO has the 
greatest affinity for SiO» of all the oxides 
present in the slag, and that there can be no 
CaO available for combination with any' 
other oxides until the thirst for SiO, 
has been satisfied. Dicalcium silicate has 
been generally conceded to be the most 
stable of the calcium silicates in basic 
open-hearth slags. Therefore, until a lime- 
silica ratio in the slag of 2:1 has been 
exceeded in the normal process of the 
constantly increasing lime-silica ratio in 
the progress of an open-hearth heat, it is 
sometimes supposed that no lime is avail- 
able to combine with P.O; to promote 
dephosphorization. In direct contradiction 
to this hypothesis, the data collected for 
this investigation exhibit definite dephos- 
phorization of an iron bath by basic slags 
having a lime-silica ratio below 2:1. Con- 
sequently, there must be some free lime 
available for combination with P.O; in 
basic slags, that are more acid than a 2:1 
lime-silica ratio. 

Dicalcium silicate cannot then be as 
stable as has been so often proposed. It 
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probably dissociates in some manner such 
as the following: 


(4CaO.2SiOz) 
= (2CaO.2SiO.) + 2(CaO’) [4] 


The dissociation constant for the reaction 
is expressed as follows, in which parentheses 
indicate mol fractions of slag components: 


A (2CaO.2Si02)(Ca0’)? 


- (4Ca0.2Si0.) (s] 





When a value of CaO’ can be deter- 
mined that will satisfy Eq. 5, this value 
can be used in Eq. 3 to determine the value 
of Kp. As a first approximation in strongly 
basic slags, it was assumed that (Ca0’) is 
the mol fraction of lime remaining after all 
the acidic oxides have been satisfied (as- 
suming dicalcium silicate as the only lime 
silicate present). In the more acid slags 
such an assumption is not allowable even as 
a first approximation. Under these condi- 
tions the value of (CaO’) is quite small, and 
as a substitute the principal dephosphoriza- 
tion reaction may be considered to be the 
following: 


2P + 50 + 2(4Ca0.2SiOz2) 
= (4Ca0.P.05) + 2(2CaO.2SiO2) [6] 
eee (4CaO.P.0;)(2CaO.2SiO-)? [7] 
*  [%P}*[%O]*(4Ca0.2Si02)? 





By dividing Kp’ by Kp and extracting the 
square root the value for Kp is obtained. 


/Kr'/Ke= Kp [8] 


To obtain numerical values for the three 
equilibrium constants involved a _ very 
tedious set of approximations with a 
picked group of data on slags containing 
only CaO, MgO, SiOz, FeO, FesO; and 
P,O;. Two groups of slag compositions were 
chosen, the basic group having a lime- 
silica ratio well above 2:1, thus ensuring 


the presence of a relatively large amount of 
free lime; the acid group having a lime- 
silica ratio below 2:1, thus ensuring the 
presence of a much smaller quantity of 
free lime. All the slag oxides as obtained 
from chemical analyses were calculated to 
mols per 100 grams of slag, as, incidentally, 
were the oxides for all the slags in the 
investigation. On an arithmetical basis the 
oxides of the slags in the basic group were 
divided into the molecular compounds 
listed earlier. All P,O; was combined with 
lime as 4CaO.P.Os, all FesO3 as CaO.Fe.0s, 
all SiO, as 4CaO.2SiOz, all remaining CaO 
as free lime (CaO’), and FeO as FeO; no 
2CaQO.2SiO2 appears in the first gpproxima- 
tion for the basic group. This enabled the 
mol fractions of CaO’ and 4CaO.P.0; to be 
calculated and substituted with the values 
for %P and %O in Eq. 3, resulting in 
numerical values of Kp for each slag 
sample. The values of log Kp were plotted 
against the reciprocal of the absolute tem- 
perature as is shown on Fig. 4 under the 
heading of First Approximation. 

The same procedure was followed using 
the slags in the acid group. All P.O; was 
combined with CaO as 4Ca0O.P.0;, all 
Fe,0O; as CaO.Fe.O;, all remaining CaO 
combined with SiO, as 4CaO.2SiO, and 
2CaQ.2SiO2, and FeO as FeO; no free lime 
(CaO’) appears in the first approximation 
for the acid group. This in turn enabled the 
calculation of the mol fractions of 4Ca0O.- 
2SiO2 and 2CaO.2SiO, for substitution in 
Eq. 7 along with the value of %P and %O 
resulting in numerical values for Kp’. The 
values of log Kp’ were plotted against 
the reciprocal of the absolute temperature 
as is shown in Fig. 4. From the lines repre- 
senting log Kp and log Kp’ it was possible 
to calculate a line for the plot of log Kp 
versus 1/7, which also appears in. Fig. 4 
under the heading of First Approximation. 

By making use of the first approximated 
value for K p and the analyzed slag oxides 
as converted to mols per 100 grams of slag, 
it was possible to develop an algebraic 
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expression* by which the mol fractions 
of the liquid slag components were recalcu- 
lated on the basis of the dissociation of 
dicalcium silicate. The use of this algebraic 
expression made it possible to arrive at a 
value for free lime for all of the slags, that 
value of free lime being used ultimately in 
the calculation of the phosphorus equili- 
brium constant Kp. The algebraic formula 
involves the use of the Kp term for its 
solution, but only an approximate value 
was available from the first approximation 
shown in Fig. 4. In order to make the for- 
mula usable, the value for Kp was made 
more exact by a tedious set of approxima- 
tions making use of the algebraic expression 
and Eqs. 3 and 7. The course of the 
approximations is shown graphically in 
Fig. 4 under the heading of Second Approx- 

*(__) indicates mols per 100 grams; (_) indi- 
cates mol fractions. 


(C) = (CaO) + (MgO) + (MnO) 
— 4(P:0s) — (Fe203) — (Al20s) 
(C282) = (2CaO.2SiO2) 
(CS) = (4Ca0.2Si02) 
(S2) = &(SiO2) (Due to double silicate 
oe molecules) 
(CaO’) = (C) — 4(CiSs) — 2(C2S:) 
N, = total number of mols per 100 grams 


of slag 
(2CaO.2Si0O2)(CaO’)? 























Kp = 





(4CaO.2SiO2) 
((C2S2) /Ns)((CaO’)/N,)? 
((CwS2)/N,) 
By suitable substitution this equation reduces 
to the following form: 
x? + ax? + Y4bx —lYyic = 0 
Where x = (C2S2) 
a =[(C) — 4(S:)] 
b = ((C) — 4G:)]* + KpN.t = a! 
+ KpN Ps 
_ ¢ = KpN,*(S:) 
from which 


(C282) = x = mols of 2CaO0.2Si0O:/100 grams 
of slag. 
(C4S2) = (S2) — x = mols of 4Ca0.2Si02/100 





grams of slag. 
(CaO’) = (C) — 4(CaS2) — 2(C2S2) = mols of 
CaO’/100 grams of slag. 
In the expression above the only unknowns are 
x(2CaO.2SiO2) and N, (total mols per 100 
grams). The equation for each slag sample 
was solved by a series. of approximations, 
using the value of N, from the previous solution 
of Kp and Kp’ as the first approximation. 





imation and in Fig. 5 under the heading 
of Third Approximation and Fourth 
Approximation. It is known that each 
approximation was an improvement over 
the preceding one because the spread of 
the individual data points about the lines 
for Kp and Kp’ became progressively 
smaller. Any additional approximations 
made no noticeable improvement in the 
spread of the points nor any substantial 
change in the value for Kp. 

In the course of the approximations, the 
value for Kp changed from one that in- 
creased slightly with increasing tempera- 
ture to one that decreased slightly with 
increasing temperature. In neither case was 
the trend very marked and, since the heat 
of reaction is uncertain, it will be sufficient 
for our purposes to adopt a constant value 
independent of temperature. Since all of 
the approximated curves for log Kp clus- 
tered about the value of 


log Kp = —2.0 [9] 


the value of 0.01 was chosen as the best 
estimate of the dissociation constant for 
dicalcium silicate. 


Determination of Phosphorus 
Equilibrium Constant 


Having arrived at numerical values for 
the mol fractions of free lime (CaO’) and 
tetracalcium phosphate (4CaO.P,0;) by 
the use of Kp and the algebraic expression 
it was a simple matter to calculate the 
phosphorus equilibrium constant by sub- 
stituting the values in the equation below 
along with the respective values for the per- 
centage by weight of metal oxygen and 
phosphorus. 


(4Ca0.P30;) 
[%P}*[%0}*(Cad’)* (3] 


A tabulation of the resultant values for 
Kp converted to log Kp appear in Table 3 
together with the accompanying values for 
the reciprocal of the absolute temperature. 
A plot of log Kp versus the reciprocal of the 


Kp = 
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TABLE 3.—Summary of Results 



































Kp = 0.01 
aot Slag Oxygen Mol Fraction| Log Kp I EO F100) Mol Fraction 
Test No. Activity (FeO) T X 108 { %P}? at (CaO’) 
1600°C. 
| 
E-29 (| 5 0.72 0.70 9.123 5.20 | 169 0.148 
| 7 0.67 0.70 8.952 5.28 97.3 0.147 
10 0.69 0.70 9.579 5.36 94.0 0.135 
13 0.86 0.68 9.216 5-37 | 10 0.134 
E-30 2 0.75 0.63 9.991 5.41 16.0 0.076 
4 0.63 0.54 9.820 5.35 | 10.6 0.074 
6 0.64 0.54 10.112 5.42 6.86 0.073 
8 0.62 0.53 8.507 | 5.18 29.3 | 0.102 
| I! 0.63 0.52 7.250 5.03 56.5 0.127 
13 0.65 0.54 7.123 5.03 72.0 0.123 
16 0.69 0.53 9.614 5.31 16.1 0.071 
| 18 0.66 0.47 9.167 5.34 3.42 0.074 
21 0.51 0.45 9.184 5.29 3.09 | 0.080 
E-32 | I 0.73 0.80 5.19 0.175 
4 0.58 0.69 5.23 0.276 
| 13 0.70 0.69 | | 5.29 0.284 
15 0.69 0.68 5.12 0.289 
17 0.55 0.60 5.09 0.378 
20 0.58 0.64 | 5.31 0.322 
22 0.47 0.59 5.36 0.266 
24 0.32 | 0.48 5.31 0.246 
27 0.40 0.51 5.31 0.219 
E-34 I 0.37 0.44 7.753 5.12 385 0.410 
4 0.43 | 0.46 8.010 5.19 230 0.372 
6 0.20 | 0.24 9.668 5.21 39.8 0.257 
10 0.34 0.32 10.546 5.49 5.08 0.158 
12 0.30 0.34 10.291 5.37 14.3 0.154 ° 
14 0.40 0.37 9.022 5.30 13.0 0.172 
16 0.19 0.18 9.331 5.22 4.50 0.205 
27 0.19 0.19 9.730 | 5.32 1.03 0.182 
34 0.26 0.24 8.476 | 5.17 4.07 0.185 
E-35 2 0.02 0.02 5.54 0.155 
3 0.02 0.06 5.29 0.400 
8 0.02 0.04 | 5.34 0.185 
16 0.02 0.02 5.33 0.156 
24 0.13 0.16 5.31 0.167 
E-36 2 0.29 0.27 9.006 5.27 3.58 0.174 
4 0.33 5.52 
6 0.33 0.34 8.564 5.20 7.82 0.169 
8 ! 0.37 0.32 8.280 5.32 0.220 
10 0.36 0.39 9.566 5.33 1.13 0.090 
18 0.57 | 0.56 | 9.512 §.31 27.2 0.107 
20 0.70 ! 0.62 8.121 5.19 37.8 0.123 
22 0.71 0.65 9.192 5.36 12.9 0.099 
24 0.69 | 0.7 8.470 5.24 16.3 0.102 
E-37 2 0.53 0.41 5.44 0.144 
4 0.49 0.44 5.34 0.131 
5 0.42 0.42 5.16 0.20 
7 0.50 0.44 5.28 0.1 
9 0.39 0.35 5.31 0.150 
12 0.51 0.44 5.37 0.142 
14 | 0.39 0.38 5.37 0.129 
| 18 } 0.45 0.41 | 5.24 0.150 
20 0.55 0.53 5.32 0.141 
E-38 4 0.62 0.66 5.26" 0.310 
6 0.57 0.64 5.14 0.326 
8 0.59 0.61 4.49 ©. 367 
10 0.57 | 0.61 4.48 | 0.368 
12 0.62 0.61 5.09 0.360 
14 0.64 0.66 5.674 5.39 | 0.140 0.295 
16 0.54 0.59 6.502 5.34 1.41 0.353 
18 0.52 0.54 6.438 5.27 3.70 0.365 
20 0.42 0.48 6.276 5.25 4.31 0.441 
22 0.40 0.41 6.602 5.30 2.88 0.495 
24 0.46 0.44 4.623 5.03 6.15 0.500 
E-39 4 0.34 0.30 9.778 5.29 20.8 0.156 
6 0.39 0.38 8.028 5.14 56.8 0.246 
s 0.37 0.31 9.746 5.36 15.3 0.174 
10 0.37 0.33 8.922 5.24 31.6 0.208 
12 0.28 0.27 8.245 5.21 11.7 0.298 
14 0.36 0.34 9.324 5.36 5.0 0.173 
16 0.38 0.36 | 9.470 5.29 28.6 0.173 
7 18 0.33 0.36 7.37 5.01 266 0.325 
20 0.35 0.35 | 9.103 5.26 68.6 | 0.247 
22 0.36 0.42 9.113 5.32 135 j 0.367 
24 0.37 0.41 7.947 5.14 221 0.378 
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TABLE 3.—(Continued) 






































: (4CaO.P20s) | 3 
Sla Oxygen Mol Fraction I —-————— | Mol Fraction 

Heat | test No. | Activity (FeO) Log Ke TXi1ot | [SPR at | (Ca0’) 
E-40 3 0.24 0.12 11.626 5.55 0.635 0.098 

6 0.25 0.19 10.048 5.23 10.7 0.122 

9 0.18 0.10 8.968 5.27 16.2 | 0.458 

12 0.16 0.10 9.216 5.30 a 0.587 

17 0.32 0.32 9.816 5.36 | 718 | 0.510 

20 0.48 0.46 9.465 5.39 707 0.418 

23 0.50 0.47 8.768 5.28 965 0.414 

E-42 3 0.56 0.38 9.853 5.33 7.65 0.071 

6 0.56 0.39 9.847 5.36 8.03 0.082 

9 0.45 0.29 10.146 5.43 4.01 0.098 

12 0.45 0.32 10.313 S.37 7.92 0.081 

15 0.43 0.29 8.867 5.23 23.8 0.156 

18 0.40 0.29 9.275 5.28 15.7 0.148 

21 0.43 0.29 8.733 5.25 | 22.7 0.195 

24 0.37 0.28 9.186 5.30 22.5 | 0.204 

27 0.33 0.27 8.591 5.22 37.8 | 0.276 

30 0.33 0.28 8.947 5.25 68.8 0.298 

33 0.30 0.25 9.095 5.26 103 | 0.356 

36 0.27 0.24 9.231 5.26 177 0.421 

39 0.32 0.31 7-773 5.06 5050 0.441 

41 0.31 0.31 9.439 §.35 1455 0.442 

TABLE 4.—Values of the Equilibrium Constants 

Demnaturs, Ges: C onc. ccs isc sdekeess 1500 1550 1600 : 1650 1700 
Kp SN acd wrgia Ru we eae ound Sloe bees 5 X 101 4X10! | 3X 10® 4 X 108 4 X 107 
INTIS oh clas at oct eiuie as aa Cabinet 0.01 0.01 0.01 0.01 0.01 
MF WE OP esintindnseciasesvesdussasnes 5 X 107 4X 108 3X 108 | 4X tof 4 X 108 





absolute temperature appears in Fig. 6. 
The shaded points indicate the values in 
which the slag contained some fluorspar; 

i2 
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Fic. 6.—EFFECT OF TEMPERATURE ON PHOS- 
PHORUS EQUILIBRIUM CONSTANT. 
the equation of the line drawn through the 
points by the method of least squares is as 
follows: 


log Kp = 71,667/T — 28.73 [10] 


The log Kp values for heat E-38 are 
lower than the rest of the data (Table 3), 
because MnO, which was between 25 and 
35 per cent in this heat, has largely taken 
the place of CaO and the dephosphoriza- 
tion was done by MnO and MgO instead 
of CaO, MgO, and MnO. It may be con- 
cluded, then, that MnO is not as good a 
dephosphorizer as CaO. However, in 
amounts up to 12 per cent MnO in the slag, 
MnO may be added to CaO without dis- 
turbing the Kp relationship. 

The fluorspar that is present in a few 
of the slags does not upset the dephosphori- 
zation constant if it is assumed to combine 
with the calcium phosphate. Apparently it 
does not improve dephosphorization, ex- 
cept by increasing the ability of the slag to 
carry more lime. The alumina within the 
limits encountered in the investigation does 
not interfere with the relationship if it is 
considered to form a calcium aluminate. 

Values of the several equilibrium con- 
stants defined in Eqs. 3, 5 and 7 at several 
temperatures are shown in Table 4. It 
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should be emphasized that these constants 
are valid only in connection with the for- 
mulas that have been assumed for the 
slag compounds and the equations assumed 
for their reactions. They are not funda- 
mental constants of nature and are useful 
only in supplying the numerical pattern 
for the picture of slag constitution pre- 
sented. Some new picture may later ap- 
pear more beautiful or more useful, and in 
this event these numbers will cease to be 
of interest. 


Distribution of Iron Oxide between 
Slag and Metal 


Raoult’s law as applied to the distribution 
of iron oxide between the slag and the 
metal afforded a reasonably good and 
simple method for ascertaining the sound- 
ness of the calculated liquid slag constitu- 
ents. Raoult’s law implies that the mol 
fraction of iron oxide in the slag should 
be equal to the activity of iron oxide in the 
slag, and Nernst’s law says that the activ- 
ity of iron oxide in both slag and metal 
should be equal when the slag and metal 
phases are in equilibrium. The activity of 
iron oxide in the metal is easily computed 
by dividing the analyzed oxygen content 
of the metal by the saturation oxygen of the 
metal at the temperatures under considera- 
tion. The standard state, in which the 
activity of iron oxide is unity, is defined 
as the saturation value of oxygen in iron 
obtained by using essentially a pure iron 
oxide slag. Taylor and Chipman* have 
published the most recent information re- 
garding the saturation of iron with oxygen 
under an iron oxide slag and reported the 
following formula: 


log per cent oxygen = — 6320/T + 2.734 


By using saturation values from this 
formula, the oxygen activities for all the 
metal samples were calculated and plotted 
against the respective mol fractions of the 
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slag iron oxide. The numerical values ap- 
pear in Table 3, and the graph is shown in 
Fig. 7. The spread of points about the 
theoretical straight line may appear to be 
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Fic. 7.—DISTRIBUTION OF IRON OXIDE, 
STRAIGHT LINE REPRESENTING RAOULT’S LAW. 


excessive, but considering the complexity 
of the mol fraction calculations, the rela- 
tionship is considered to be good. 

In Taylor and Chipman’s work* the FeO 
of the slag was really total FeO, or the total 
iron of the slag converted to ferrous oxide. 
In this study, the FeO of the slag is ex- 
pressed as true FeO, or only the ferrous 
iron content of the slag converted to the 
ferrous oxide. If Taylor and Chipman had 
used true FeO instead of total FeO in their 
determination of the solubility of iron 
oxide in the metal, they would have ar- 
rived at a slightly higher solubility value. 
Consequently, the oxygen activity values 
for this investigation should have been 
based on the slightly higher solubility 
value that they would have found had true 
FeO been used instead of total FeO. 
Actually then, the oxygen activity values 
in this paper should be lower than they are, 
which would make the points in Fig. 7 fit 
the theoretical line better than they do. It 
may also account for the discrepancy be- 
tween the experimental points and the 
calculated line discussed in the following 
section. 
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Effect of Slag Composition on 
Oxygen Activity 
Fig. 8 represents the effects of slag com- 
position on lines of iso-oxygen activity in 
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grouping indicates that CaO, MgO and 
MnO are considered here to be of equal 
basic strength. Since SiO, combines with 
CaO predominantly as dicalcium silicate 
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Fic. 8.—EFFECT OF SLAG COMPOSITION ON ACTIVITY OF IRON OXIDE. 


the manner of similar diagrams drawn by 
Fetters and Chipman? and Taylor and 
Chipman.* The ternary plot groups all the 
basic oxides of the slag in one corner, all 
the acid oxides in the second corner, and 
FeO in the third corner. In Fig. 8 the slag 
compositions are represented on the co- 
ordinates as mol fractions of the slag oxides 
as determined by chemical analysis. The 
basic corner consists of the mol fractions of 
CaO, MgO, and MnO; the acid corner of 
the sum of mol fractions of SiOz, 2P.0s, 
¥4 Fe.0;, and 44 Al.O;; and the oxide cor- 
ner, the analyzed mol fraction of FeO. The 


(4CaO.2SiO.) and P.O; with CaO as tetra- 
calcium phosphate (4CaO.P.,0;), P.O; is 
considered to be equivalent to 2SiOx.. 
Similarly, since Fe,O; and Al,O; are as- 
sumed to form CaO.Fe,0; and CaO.Al.0s, 
they are taken to be equivalent to 14 SiO.. 
It must be understood that the mol frac- 
tions of these oxides were computed from 
chemical analysis data, not from the slag- 
constitution calculation involving the dis- 
sociation of dicalcium silicate. The points 
on the plot are actual values for the activity 
of iron oxide calculated from analyzed 
oxygen contents of the metal samples. The 
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lines on the graph are theoretical calcu- 
lated lines, which represent the mol 
fractions of slag iron oxide for the entire 
slag system as calculated from the compli- 





(2Ca0-2S:0,) 50 


(aCa0-25:0,) 
30 


tion on the free lime content. The diagram 
was drawn in the same fashion as Fig. 8, 
the oxygen activity plot, except that in 
Fig. 9 the lines represent constant values 
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FIG. 9.—EFFECT OF SLAG COMPOSITION ON FREE LIME CONTENT. 


cated slag-constitution computations. The 
points agree reasonably well with the lines 
except that the o.6 experimental oxygen 
activity values fall more closely to the 0.5 
calculated FeO line; this may be accounted 
for by the discussion on oxygen activity 
in the preceding section. 


Effect of Slag Composition on Free Lime 


Since this paper proposes the presence 
of free lime in virtually all the slag compo- 
sitions encountered in basic steelmaking, it 
was considered advisable to include Fig. 9, 
a plot showing the effect of slag composi- 


of mol percentage of free lime. At a given 
slag composition, temperature has little 
or no effect on the free lime content. It 
must be pointed out that the free lime 
values also include free MnO and free MgO, 
since for all the calculations MnO, MgO, 
and CaO were added together and the total 
of all these oxides were considered as so 
much CaO. 


APPLICATION OF PHOSPHORUS 
EQUILIBRIUM CONSTANT 
An expression for the dephosphorization 
simpler than an equilibrium constant is a 
phosphorus-distribution ratio. It was found 
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that the ratio (4CaO.P,0;)/[%P]?, where 
the slag component is expressed as the mol 
fraction, gave the best relationship with 
respect to slag composition. The ratio is a 
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(4Ca0-2S:0,) 
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The effect of slag composition at con- 
stant temperature is more easily visualized 
in Fig. 11, a two-component diagram where 
the abscissa is the base-acid ratio and the 
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Fic. 10.—-EFFECT OF SLAG COMPOSITION ON DEPHOSPHORIZATION RATIO AT 1600°C. 


logical one, since it appears in the equili- 
brium constant. 

To illustrate the effect of slag composi- 
tion at 1600°C. on the dephosphorization 
ratio, a ternary diagram was made similar 
to those developed for oxygen activity and 
free lime. In Fig. 10, the lines represent 
constant dephosphorization ratios calcu- 
lated from the Kp expression, the free lime 
and oxygen activity values having been 
picked from their respective ternary dia- 
grams. The points on the plot are experi- 
mental values from the data collected from 
the experimental heats; the values of the 
ratios corrected to 1600°C. are listed in 
Table 3. 


ordinate is iron oxide. The lines on this 
diagram are the same as those in Fig. 10 
with some additions. Fig. 11 clearly shows 
that dephosphorization is favored by in- 
creased slag basicity and increased slag 
iron oxide. However, no benefit can be 
derived by increasing basicity above 
approximately a 3.0 basicity value; de- 
phosphorization can then be improved only 
by increasing the iron oxide content of the 
slag. Likewise, after a 40 mol per cent iron 
oxide slag has been reached, dephosphoriza- 
tion can be improved only by a slag of 
higher basicity. 

Since dephosphorization is improved by 
an increase in the base-acid ratio, it would 
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appear that all the bases improve dephos- 
phorization and that all the acids hinder 
dephosphorization. That is true as far as 
the bases are concerned, but it is not 


(.40 P03) 


[% P]* 


MOL PER CENT OF ANALYZED (0) 
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MnO and about 20 MgO. In the calcu- 
lations MgO and MnO were treated as 
lime, so if they had not aided dephosphori- 
zation in somewhat the same manner as 
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Fic. 12.—EFFECT OF TEMPERATURE ON DEPHOSPHORIZATION RATIO. 


strictly true for the acidic oxides. Since 
all the experimental values of Kp line up in 
Fig. 6, the basic oxides MgO and MnO 
must improve dephosphorization as does 
CaO, for they were substituted for CaO in 
the slag in all proportions up to 12 per cent 


lime, the data points representing high 
MgO or high MnO would have fallen below 
the rest. However, as was pointed out 
earlier, slags containing more than 12 per 
cent MnO do not conform, because the 
values of the phosphorus equilibrium con- 
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stant from these slags are lower than the 
other results. This means that above 12 per 
cent MnO, the dephosphorizing power of 
MnO is not as great as CaO would have 
been in equivalent concentration. 

Since the acidic oxides use up the bases 
by combining with them, at first glance it 
might be assumed that all the acids hinder 
dephosphorization. This is entirely true 
where silica is concerned but it is not 
strictly so for Al,O; and Fe,O;. Although 
both of these combine with CaO and thus 
deprive P.O; of some lime, FeO; and Al,O; 
apparently have no adverse effect on de- 
phosphorization provided there is undis- 
solved lime available in the slag, because 
Fe,O; and Al,O; impart greater fluidity to 
the slag and enable the slag to take more 
lime into solution. 

Since the data points for all slags con- 
taining fluorspar conform with all the other 
data points, it may be concluded that 
fluorspar also has no adverse effect on 
dephosphorization. 

The temperature effect on dephosphori- 
zation is more easily visualized in Fig. 12, 
which shows that a decrease of 100°C. 
allows a much less basic slag and one that 
is lower in iron oxide to be used to obtain 
the same amount of dephosphorization. 


SUMMARY 


A series of experimental heats was made 
in an induction furnace to study the fac- 
tors controlling the distribution of phos- 
phorus between a molten iron bath and 
a basic slag at equilibrium. In order to 
determine the rate of establishment of 
equilibrium conditions within the furnace, 
radioactive phosphorus was introduced as 
a tracer. The results showed that 10 to 15 
min. was required to reestablish equilibrium 
after it had been disturbed by a furnace 
addition or temperature change. 

A liquid-slag constitution was devel- 
oped, which included the following com- 
pounds: 
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I 
2 

g. 
4 

5. 
6. 
7. 
8. 


. Dicalcium silicate....... 4Ca0O.2SiOz 
. Monocalcium silicate..... 2CaO.2SiO. 


Prt Gee. oo ck oc ee oe 
. Tetracalcium phosphate.. 4Ca0O.P.0; 
Ferrous oxide........... FeO 


Monocalcium ferrite..... CaO.Fe.O; 
Monocalcium aluminate. . Ca0O.Al.0O; 
A complex phosphate. .... 4CaO.P20;.CaF, 


The MgO and MnO were treated as 
though they had the same basic behavior 
as CaO. 

A value for the dissociation constant of 
calcium orthosilicate at steelmaking tem- 
peratures was determined according to the 
following expression: 


(4CaO.2SiO2) = (2CaO.2SiO.) + 2(Ca0’) 
Ke, = (2020-2Si04)(Ca0’) 

_ (4Ca0O.2Si0.2) 
Kp = 0.01 (independent of temperature) 


An equilibrium constant for the de- 
phosphorization of molten iron by a basic 
slag was calculated. The expressions for 
the chemical reaction of dephosphorization 
and the dependence of the equilibrium 
constant on temperature are as follows: 


2P + 50 + 4(Ca0’) = (4Ca0.P205) 
Pe ___(4Ca0.P,05) 
* ~~ [%P}*{%O](Ca0’)' 
71,667/T — 28.73 


log Kp 


The effect of slag composition on the 
activity of slag iron oxides and on the 
free lime content of the slag is illustrated 
in- ternary diagrams, which take into 
account all of the slag oxides. 

Dephosphorization has been found to be 
improved by the following factors: 


1. Decreased temperature. 
2. Increased iron oxide content of slag 
and metal. 


3. Increased base-acid ratio of the slag: 
a. Increased lime content of the 
slag. 
b. Increased magnesia content of 
the slag. 
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c. Increased manganese oxide con- 
tent of the slag. 

d. Decreased silica content of the 
slag. 


Fluorspar additions to the slag have no 
adverse effect on the 
power of the slag. 


dephosphorizing 
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Sulphur Equilibria between Liquid Iron and Slags 


By Nicuotas J. GRANT,* JUNIOR MEMBER, AND JOHN CuHIPMAN,* MemMBeR A.I.M.E. 
(Chicago Meeting, February 1946) 


A FULL understanding of the behavior 
of sulphur in the basic open-hearth process 
has been delayed by lack of dependable 
data covering a wide range of slag condi- 
tions in the absence of other complicating 
factors that are likely to be present under 
operating conditions. It has been generally 
accepted that strongly basic slags will dis- 
solve more sulphur than will those in which 
the acidic and basic constituents are more 
nearly balanced. It has been known that 
both slag and metal would absorb sulphur 
from the flame when the sulphur content 
of the fuel is high. It has been generally 
believed that manganese assists in the 
transfer of sulphur from metal to slag. Al- 
most nothing has been known of the effect 
of temperature upon desulphurization; the 
data have been conflicting and there has 
been a tendency to depend rather heavily 
upon analogy with the better understood 
desulphurizing reaction of the blast furnace. 

Many attempts have been made to build 
up from open-hearth data a satisfactory 
theory of the chemical reactions involved 
in the process. That this has been an ex- 
tremely difficult task is owing to two 
reasons that have been very generally 
recognized. The first is the parallel and 
simultaneous reaction of sulphur transfer 
between flame and bath. The second is the 
difficulty of distinguishing between the 
factors that ultimately limit the transfer 
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METALS TECHNOLOGY, April 1946. 

* Assistant Professor of Process Metallurgy 
and Professor of Process Metallurgy, respec- 
tively, Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 


from metal to slag—i.e., equilibrium condi- 
tions—and those whose influence is only 
upon the rate of transfer. It has been the 
object of the work here recounted to study 
the equilibrium distribution of sulphur 
between slag and metal in the absence of 
these complicating factors, with the hope 
that a better understanding of the equi- 
libria involved would lead to a better con- 
trol of the over-all process in the open- 
hearth furnace. 

A review of the literature on steelmaking 
reveals almost complete agreement with 
respect to the paramount importance of 
lime in promoting desulphurization. In ex- 
pressing this effect in quantitative terms, 
however, and in formulating the relation- 
ships between the concentrations of other 
slag components and the desulphurizing 
power, there is little agreement. For in- 
stance, the “‘ basicity” or basic strength of 
the slag is commonly measured by some 
kind of ratio of concentration of basic to 
acidic oxides. Of these, the following have 
been reviewed by Schenck :”° 
V ratio = a 


% SiOz 





K6rber and Oelsen’s 
yt a —%C80! + 100 _ 
~ % Ca0+ % SiOz 


where (% CaO’) = % CaO — 1.18% P2Os. 
Herty’s B ratio 





= % CaO — (0.93 - % SiOz) 
— (1.18% P20s) 


Among others there appear the following: 


20 References are at the end of the paper. 
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Darken and Larsen’s*® all conditions of temperature, slag com- 
a : . ; 
; (CaO) —4 (P20;) position and time. Nor do these various 
L ratio = ——— 7 a ratios permit a comparison of data among 
. “eo : shops using different practices or making 
(in mols/1oo grams slag) ; 
CaO different grades of steel. 
R ratio = = In Table 1 are summarized the con- 
(SiOz + 0.634 POs : : : 
. Pag ec clusions reached by a number of investiga- 
(in mols/100 grams slag) . s 
CaO + MnO tors on the effects of various slag and 
B/A ratio : metal constituents and temperature. This 


~ 2(SiOs) + 4(P20s) 


(in dacl/teo eteane clea) table is not complete nor does it explain 


various limits set up in the literature. 


There are other somewhat more compli- It does permit the following general . 
cated measures of basicity scattered summary: 
throughout the literature. 1. Most investigators felt that tem- 


In using these various ratios, it becomes 
evident that for individual shop practice 


perature for one reason or another aids 
desulphurization in a secondary role. 


TABLE 1.—Summary of Effect of Various Factors on Desulphurization of Low-carbon Steels 
and Pure Irons 














- 
Effect on Desulphurization* 
penser rd or | Aids | 
onstituent | * 
— ~~ —_____—______—_| Hinders No Effect 
Primary Secondary 
High temperature......... I, 3, 4, 6, 8, 18, 20 | 2, 24 9, 22, 26 
(oo pes Rae paeger ‘3. 7, 6, £8, t3, tas 1 S; 22, 22 
t<. 36, £7, 18. 20 | 
22, 23, 24, 26, 28 
Cee Wie, in << vs one nt SBe 90s 28, 68 . 3, 8; 28; Se 2804 
17, 23, 24, 26 
CRS ic oe Oh ean sks 8, II, 24 | 3, 4, 18, 20, 26 
(Al2O3) slag...... BF Fa eae I, 25 2, 4, 11, 24 18, 20, 26 
(Fe2O;3) slag......... } tI, 12 II, 20, 26 
(FeO) slag.. ; 22 9... 5. 1H) Bhs Ts td 
17, 18, 23, 24, 26 
(eS ae 21 Ey 3. Ss Fe I2 10, II, 24, 26 
Mn metal... 4, 5, 12, 22, 23 Ce Oe oe ok Pe SP 
i ga 18, 24, 26 





* Numbers refer to references on page 149. 


any one of them can tell a consistent story 
as long as conditions from heat to heat 
and from furnace to furnace do not vary. 
If the Al,O; content does not vary outside 
the limits of 2 to 4 per cent, and if the 
MgO stays quite constant at, let us say, 
4 to 6 per cent, etc., some one of these 
measures can be made to work fairly well. 
They aJl fail consistently to interpret 
the results under varying conditions, 
however; and, more important, their use 
does not permit one to attain a clear 
picture of the behavior of sulphur under 


This opinion is not held by all, for several 
persons felt that high temperature was 
undesirable and three attributed no effect 
to it. 

2. High lime is desired by all, but a 
minority feel that Mn in the metal and 
MnO play the more important role in 
desulphurization. The tendency has been 
to determine free or available lime as a 
measure of the desulphurizing power of 
the slag. 

3. Most investigators assign a secondary 
role to MnO. 
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4. The feeling appears to be that MgO 
is not effective as a desulphurizer but 
may play a weak secondary role if and 
when it is in solution in the slag. 

5. There is general agreement that SiO, 
and P,O; are acid constituents, which 
must be at least neutralized by bases 
before desulphurization can occur. 

6. There is less agreement with regard 
to Al,O;, the split being quite equal in 
regarding it as a secondary aiding factor, 
a hindrance and a _ noneffective item. 
Several thought that Al,O; has fluidifying 
properties, being able to take CaO into 
solution about as well as fluorspar does.! 

7. Almost everyone felt that FeO was 
detrimental, although one or two found 
FeO effective as a desulphurizer at very 
low basicity.*4 Diehl* ascribed a “ no-effect ” 
role to it, as did Maurer and Bischof.‘ 

8. Many gave Mn in the metal the 
major credit in desulphurization; the rest 
agreed that its role as a secondary agent 
was important. 

9. Disagreement on the role of fiuorspar 
is evident, the split being fairly equal 
between those who feel that it plays a 
direct role as a desulphurizer and those 
who give it credit only as a fluidifying 
agent. 

10. Previous data! have indicated that 
higher carbon heats of the same basicity 
resulted in slightly higher sulphur ratios. 

Two distinct mechanisms of sulphur 
removal had been advanced by various 
investigators. The first of these has been 
accepted by almost everyone up to the 
present; it is incorporated in the following 
reaction :® 


FeS + CaOvings = FeOtssgy + CaSccing» 
AF® = +109,370 + 1.54T 


The second method has been upheld 
by those who believe that the manganese 
in the metal is the primary means of 
desulphurization.®.!?.22.23 The CaO is held 
as a secondary force, which retains the 
sulphur in the slag and generally permits 


MnO to remain free of FeO, so that MnO 
can be reduced to Mn to return to the 
bath, where it continues its desulphurizing 
work. 

Still a third group subscribes to the 
belief that much of the sulphur is elimi- 
nated by means of the highly oxidizing 
flame sweeping over the slag surface. 
Calcium sulphate is supposedly formed, 
which on dissociation permits SO, gas to 
escape. The argument against the possi- 
bility of having the sulphate present is 
explained very well by Darken and 
Larsen.”* Since this paper is not concerned 
with the gas phase and has eliminated it 
as a variable, this item will not be discussed. 


EXPERIMENTAL METHOD 


The induction furnace and the experi- 
mental procedure used in making the 
experimental heats E-5 through E-22 are 
those used by Fetters and Chipman.® 
The test results are taken from that study 
with the sole change that sulphur was 
reanalyzed more closely for the purposes 
of this paper. In heats E-29 through E-44 
one significant change was made in the 
furnace setup; namely, the method of 
providing a source of heat for the slag, 
which is not heated by induction. The 
slag was kept moiten by the radiant energy 
from an arc drawn between two carbon 
electrodes suspended above the bath 
but within the furnace crucible as described 
more completely by Winkler and Chip- 
man.” The heat supplied by this method 
was much more intense than that furnished 
by the graphite heater used in the early 
heats. 

The experimental heats were made by 
melting a 65-lb. charge of Armco ingot 
iron in a magnesia crucible under a vacuum 
to reduce the carbon content below o.o1 per 
cent to eliminate the carbon-oxygen 
reaction as a variable. A mixture of 
oxides to provide a synthetic slag was 
added in sufficient quantity to cover the 
surface of the metal bath, after which 
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the slag heater was installed. A nitrogen 
atmosphere at a positive pressure - was 
maintained within the furnace to prevent 
any disturbance of equilibrium by oxygen 
from the air and also to prevent too 
rapid burning of the graphite electrodes. 
Iron sulphide was added in many of the 
heats to assure a sulphur content within 
the range of accurate analysis. 

Temperatures were measured with tung- 
sten-molybdenum thermocouples protected 
from the metal and slag by fused silica 
protection tubes. The assembly was rigged 
up in a water-cooled or air-cooled holder. 
The tungsten-molybdenum thermocouples 
were calibrated against a platinum-plati- 
num 10 per cent rhodium couple with 
subsequent checks on the calibration 
curve made with platinum couples under 
operating conditions. The accuracy of 
the temperature readings is considered 
within + 10°C. 

Samples were taken by use of a small 
split steel mold, coated with magnesia 
slip, by dipping into the metal bath and 
permitting the sample to freeze in the nitro- 
gen atmosphere. The molds for the metal 
samples were smaller in diameter and of 


heavier wall thickness than the slag 


samplers, in order to obtain very rapid . 


solidification of the metal and to inhibit 
segregation. The metal samples were all 
sound and free of internal blowholes, a 
condition that is easily obtained when the 
carbon content is well below o.o1 per cent. 

The slag samples were analyzed by 
conventional chemical methods under 
carefully controlled conditions for the 
oxides present. The metal samples were 
analyzed for phosphorus, manganese and 
sulphur by standard techniques while the 
oxygen determinations were obtained by 
vacuum fusion. Again all results were 
checked at least once. 


EXPERIMENTAL RESULTS 


In the course of the investigation, 15 


experimental heats were made for a total 
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of 140 pairs of slag and metal samples, 
each pair being accompanied by a tem- 
perature measurement. In addition to 
this, 12 experimental heats for a total of 
72 pairs of slag-metal-temperature tests 
were taken from the work done by Fetters 
and Chipman® to get additional sulphur 
distribution points in the very simple 
slag compositions, as a double check on 
the method used in heats E-29 through 
E-44. With all these data it is not possible 
to list any more than the most necessary 
items, for the sake of brevity. More 
complete data on slag compositions are 
given in the papers cited.®.*9 

Table 2 lists heats E-31, E-43 and E-44, 
which are not included in the phosphorus 
study by Winkler and Chipman.*® Heat 
E-31 was excluded in that study because 
the temperature measurements were of 
insufficient accuracy for determinations 
of phosphorus equilibria, but they were 
sufficiently accurate for the sulphur study 
to, be included in Fig. 6 herein after it 
had been established that temperature 
was a very minor variable. The remainder 
of the heats in series E-29 to E-42 are 
completely listed in the above mentioned 
paper.*® The slag-metal tests from the 
paper by Fetters and Chipman® are to 
be found in that paper. More accurate 
sulphur determinations resulted in the 
sulphur ratios shown in Table 3 for the 
tests that were used. 


DISCUSSION OF RESULTS 


Basicity Measurements 


A close examination of Table 2 in this 
paper and Table 2 in that by Winkler and 
Chipman*® jindicates that the over-all 
study includes slag combinations of almost 
every conceivable sort. There are relatively 
simple slags composed only of the CaO- 
SiO.-FeO-MgO constituents; there are 
lime-free slags with high MnO; there are 
slags free of P,O; and others of inordi- 
nately high P,O,; there are slags essentially 
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free of Al,O3; others are free of SiO, and 
have Al,O; as a substitute; there are high- 
FeO and low-FeO slags, etc. In general, 
it can be said with perfect safety that 
if any formula or any one given set of 
conditions can be made to correlate these 
highly irregular slag compositions with 


R, etc., in itself proved to be the answer. 
Where slags approached quite closely 
fairly narrow composition limits typical of 
open-hearth slags, the agreement was only 
fair; otherwise the presence of not too 
large amounts of Al,O;, MnO, CaF», threw 
the points far off the scale. For example, 


TABLE 2.—Chemical Analyses of Slag-metal Samples 






























































Tem- eg Destests, Slag Analysis, Per Cent 
Hea Metal! Slag | PetTa- 
No. Test | Test — ) — 
Deg. | Mn] S P| Oo | CaO |SiO» FeO |Fe:03} MgO| S_ | P20s| MnO 
| | 
E-31 I 2 1796 0.023 10.271] 0.100.5290.48 3.06 5.87'0.062 
3 4 | 1765 0.024 10.359) 0.120.48 89.96 3.42) 5.980.069 
6 7 1787 0.0225 |0.331| <0.10 0.58 89.13) 3.20) 6.73 0.0685 
16 17 1750 |0.002 0.023 (0.243) 0.08 0.58 88.56) 4.16 6.450.070 0.11 
18 19 1670 |0.049 0.023 |O0.211| <O0.10 1.42,.79.28) 5.44) 5.420.078 8.00 
20 21 1690 |0.0340.023 0.216; <0.10 1.42/80. 59 5.25| 5.200.076 Be 
| i i 
T Steel 
ont Analysis, Slag Analysis, Per Cent 
Heat Metal | Slag | Clock | Peta” | Per Cent 
No. Test | Test | Time | Deg’ eS EO ee Ae 
: Ss CaO | SiOz | FeO Fe203: MgO Ss P.Os | MnO AlsOs 
| 
> 
E-43 2.3 I 11:03 | 1520 0.196 |18.71/11.58 36.80) 5.81) 6.37) 0.20 19.82 
5.6 4 II:31 | 1638 0.191 |16.98,10.76 36.78) 3.46:10.89 0.21 20.26 
8.9 7 12:08 | 1670 0.193 |23.94) 7.46 33.10) 5.94) 9.55! 0.23 20.62 
$2.22 10 12:40 | 1608 0.196 |21.83) 7.08'37.41| 5.76) 8.87) 0.22 17.86 
14.15 13 1:20 | 1537 0.189 21.89) §.10145.07| 7.79| 5.84) 0.44 12.30 
17.18 16 1:57 | 1635 0.163 |29.34) 4.00 39.22 11.92) 5.84) 0.61) 9.28 
20.21 19 2:26 | 1580 0.170 |26.37| 4.08 43.41/10.48) 5.98) 0.66 9.60 
23.24 22 2:56 | 1628 0.165 24.20) 3.36 46.6410.66 6.81) 0.63 7.7 
26.27 25 3:16} 1588 0.167 21.98) 3.18 49.77\10.80 5.89 0.68 7.50 
29.30 28 3:51 | 1655 0.120 |28.82) 2.18 45.21|12.09 6.39 0.87) . fe) 4.60 
E-44 2.3 I 10:02 | 1520 0.150 |19.66) 1.12 43.92) 6.43) 4.92) 0.25) O = 123.23 
5.6 4 10:31 | 1605 0.152 |18.68) 1.35|44.77| 6.00) 6.10 0.22) = (|21.96 
8.9 7 | 10:55 | 1661 0.139 |30.59) 5.01/34.58) 7.96) 7.35) 9.37] 6 o |15.44 
I1.12 10 11:44] 1596 0.128 |26.47| 0.97'39.48) 9.53) 6.93' 9.390) Z@ Z (16.74 
14.15 13 12:15 | 1686 0.128 |25.64) 1.32 39.94) 7.65) 8.62) 0.35) 15.52 
17.18 16 | 12:58] 1649 0.080 |31.56) 5.00 32.85) 7.74) 7.76 0.36) 15.28 
20.21 19 1:21 | 1594 0.139 {17.49} 1.09 44.91} 5.80, 7.58 0.18) 21.94 
26.27 25 2:30 | 1573 0.128 |33-53 4.17/34.17'10.06) 5.58) 0.52!) 13.46 
29.30 28 3:15 | 1590 0.107 |36.53| 3.42 32.69 12.02) 5.71) 0.64) | 9.56 
32.33 31 3:55 | 1625 0.102 |38.94| 4.44 30.62) 9.33) 7.00) 0.54) 9.68 
35.36 34 _ 4:19 | 1610 0.107 |38.44] 4.47 31.25|10.47| 5.42) 0.61) 9.98 
38.39 37 4:43 | 1565 0.107 |36.97| 4.24 31.90'10.68) 6.13) 0.59 9.00 
41.42 40 5:03 | 1644 0.104 |38.01] 4.24'32.51'11.45|) 6.10 0.55 7.46 
44.45 43 5:35 | 1647 0.107 [39-50 acai leans iis 5.94) 0.04 8.88 
i 























* Other heats in the series E-29 through E-42 appear in the paper by Winkler and Chipman,® and in the 
series E-5 through E-22 in the paper by Fetters and Chipman.® 


the sulphur distribution ratio, that formula 
will truly contain the basis for a satis- 
factory explanation of sulphur behavior. 
As a preliminary check, all the various 
basicity measures appearing in the litera- 
ture were tried as a gauge of the desulphur- 
izing power of these complex slags. None 
of these various ratios, V, V’, B, B/A, L, 


Darken and Larsen’s** LZ ratio failed to 
correct for any Al,O;, higher MnO, CaFz, 
higher P2O; and MgO. The same was true 
of the R ratio. The B/A ratio corrected for 
P.O; in almost all ranges but threw high 
MnO slags very far out of line. With the 


B/A ratio the trend of the values was uni-. 


directional but the spread was quite 

















NICHOLAS J. GRANT AND JOHN CHIPMAN 


severe, indicating insufficient correction for 
various items. The V’ and B ratios were 
no better in explaining desulphurization. 

From this preliminary work, however, it 
became evident that a more applicable set 
of rules could be worked out to correct 
properly for slag composition variables. 
The final set of conditions, which works 
extremely well, will be discussed below. 
The other attempts that were not as suc- 
cessful cannot be more than briefly men- 
tioned, to conserve space. 

All the data pointed without question to 
the fact that excess base appeared to be the 
main controller of the sulphur distribution 
between the slag and metal phases. The 
problem was to determine the most accurate 
measure of the excess base. 


Constitution of Liquid Slag 


Many interpretations of slags and their 
physical and. chemical makeup at ‘high 
temperatures have been advanced over 
many years. The classical theory interprets 
slag behavior strictly on the basis of the 
compounds represented by the phases 
present in the solidified slag, as determined 
by petrographic studies. Care must be 
exercised, however, in interpreting liquid- 
slag behavior too literally from solid-slag 
appearances. Going a step further, some 
investigators ascribe various degrees of 
dissociation to suit the particular calcula- 
tions. More recently compound formation 
has been looked upon simply as a conven- 
ient basis for numerical computations re- 
garding slag behavior. 

P. Herasymenko'® has advanced the 
hypothesis that liquid slags of steelmaking 
types are completely dissociated electrolyti- 
cally and contain practically no neutral 
molecules. The difference between this 
concept and that of simple compound for- 
mation depends upon the degree of com- 
pleteness of such reactions as the following: 


2CaO + SiO, = Ca,SiO, 
= 2Ca*t+ + Si0,---- 
Substantial completeness of the first step 
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is an essential part of most explanations of 
basic slag behavior. Herasymenko presents 
good evidence that the second step occurs, 
but to what extent the data do not show. 
Recent studies of the distribution of iron 
oxide between slag and metal have not 
given support to the hypothesis of complete 
ionization. On the contrary, it is difficult 
to interpret the data on the basis of any 
ionic dissociation of FeO itself. 

It was hoped originally that data on the 
distribution of sulphur between slag and 
metal might confirm or refute the ioniza- 
tion hypothesis, since the ionic concentra- 
tions would be small and the behavior of 
sulphur in the slag, therefore, should be 
that of a simple ion in dilute solution. It is 
found, however, that the results may be 
equally well explained with or without 
ionization. The method that has been 
found most satisfactory for graphical 
presentation of the results is one that could 
be used equally well whether the com- 
pounds of the slag are ionized or not. 
Thus while they do not confirm, the 
data at least admit the hypothesis of com- 
plete ionization. 

The method of calculating the excess 
base or acid count used in this work was as 
follows. All slag analyses were converted 
first to mols and finally to mols per mol 
of slag. Combinations of base or acid for 
neutralization were taken as follows on a 
molar basis. 


2 Base:1 SiO, 
4 Base:1 P.O; 
2 Base:1 Al,O; 
1 Base:1 Fe20O; 


FeO and CaF: were considered neutral 
species. CaO, MnO and MgO were con- 
sidered as basic constituents of equal value 
mol per mol. According to this method of 
neutralization, it is possible to have excess 
acid available as a constituent in a slag. 
This does not necessarily mean “free” 
acid, since an excess of silica might simply 
convert an orthosilicate into a metasilicate 
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140 SULPHUR EQUILIBRIA BETWEEN LIQUID IRON AND SLAGS 
TABLE 3.—Summary of Calculations 
Temper |T 
¥ Excess | Excess : ae | Excess | Excess 
Heat Test — (S)/[S] aes ‘Acid Heat Test or | (S)/[S] | oan | Acid 
E-29 2 1612 2.51 | 0.099 -E39 12 | 1644 1.84 | 0.079 
5 1617 2.63 | 0.061 14 1594 1.61 | 0.008 
7 1621 2.51 | 0.058 | 2 1615 1.78 | 0.022 
10 1594 2.65 | 0.053 i; 18 1703 2.84 | 0.132 
13 1590 2.43 | 0.043 20 | 1627 2.24 | 0.072 
E-30 2 1576 1.04 0.033 | 22 1605 4.90 | 0.194 
4 1597 0.83 0.041 24 1670 3.70 | 0.198 
6 1573 0.72 0.041 E-40 3 1530 ey BD 0.016 
8 1656 0.76 0.020 6 1640 1.36 0.009 
II (1715. 0.97 0.007 9 1625 3.70 | 0,142 | 
13 C4715 I.10 | 0.034 12 1615 5.92 0.219 
16 1608 0.88 0.025 17 | 1595 8.00 | 0.337 
18 1600 0.78 0.036 20 1583 4.95 | 0.275 
21 1617 0.49 0.051 23 1623 4.75 | 0.274 
E-31 2 1796 2.70 | 0.078 E-42 3 | 1605 0.72 | 0.019 
4 1765 2.88 | 0.079 6 | 1592 0.62 | 0.023 
7 1787 3.03 | 0.089 9 | 1570 0.61 | 0.020 
17 1750 3.0 0.082 12 | 1590 | 0.65 0.019 
19 1670 3.3 0.119 15 | 1638 | 0.84 | 0.009 
21 1690 3.30 | 0.109 18 1623 1.00 | 0.019 
E-32 I 1655 4.30 | 0.165 21 1632 1.22 0.005 
4 1640 5.95 | 0.264 24 1614 1.22 0.002 
13 1620 5.40 | 0.272 27 1640 1.56 | 0.032 
Is 1680 5.00 | 0.271 30 1629 1.97 | 0.056 
17 .1690 §.31 | 0.353 33 1625 2.78 | 0.097 | 
18 .1790 5.31 | 0.358 36 1624 3.89 | 0.149 
20 1610 6.19 | 0.200 39 1700 4.76 | 0,208 
22 1593 3.96 | 0.154 42 T5905 4.43 | 0.207 
24 1610 2.78 | 0.077 E-43 I 1520 1.02 | 0.110 
27 1610 2.85 | 0.057 4 1638 I.10 | 0.051 
E-34 I 1680 6.00 | 0.260 7 1670 1.19 | 0.000 
4 1655 4.22 | 0.222 10 1608 1.12 | | 0,000 
6 1647 1.38 | 0.039 13 1537 2.32 | 0.053 | 
10 1550 S:27 0.006 16 1635 3.74 | 0.192 | 
12 1590 1.14 0.006 19 1580 | 3.88 | 0.160 
14 1615 S.32 0.000 22 1628 3.82 | 0.192 
16 1643 I.17 | 0.001 25 1588 4.07 | 0.149 
27 1608 1.14 0.005 28 1655 | 7.25 | 0.204 
34 1660 1.03 0.003 E-44 zs | tes 1.67 | 0.008 
E-35 2 1530 4.60 0.041 4 | 1605 | 4.45 0.000 
3 1620 4.50 | 0.096 7 | 1661 | 2.66 | 0.136 
8 1600 2.70 0.021 Io | 15096 3.04 | 0.154 
16 1605 2.30 0.034 13 1686 2.74 | 0.184 
E-36 4 1535 0.102 16 | 1649 | 4.50 | 0.157 
6 1650 0.61 0.004 19 | 1504 | 1.20] | 0.000 
8 1608 1.36 | 0.006 $s | x573 4.06 | 0.181 
10 1605 0.46 0.066 28 | 1590 5.98 | 0.278 | 
18 1612 1.13 0.016 31 | 1625 5.30 | 0.307 | 
20 1654 1.24 0.007 34 | 1610 5.70 | 0.269 
22 1595 1.35 0.012 37 1565 | 5.51 | 0.284 | 
24 1635 1.65 0.027 40 | 1644 | 5.29] 0.310 | 
E-37 2 1565 1.36 0.017 43 | 1647 | 5.98 | 0.300 
4 1600 1.05 0.019 E-5 oT  to08° 1. 2 ee | 0.021 
5 1666 1.90 | 0.035 6 1593 1.08 | 0.022 
7 1622 1.89 | 0.019 | 10 15406 1.13 | |} 0.019 
9 1611 1.43 0,003 | 14 | 1575 3. <3 0.011 
II 0.001 E-6 3 | 1550 | 2.17 | 0.113 | 
12 1590 2.23 0.015 > | 604 | 2.38 | 0.116 | 
14 I591 1.22 6.020 E-10 4: | Ses i 3 | 0.018 
16 1575 0.56 0.028 sf ages) aes | 0.006 
18 1635 0.56 0.022 E-11 Ss: : -Saeb..1 - rae 0.062 
20 1608 1.50 0.001 12 | 1594 | 1.57 | 0.000 
E-38 4 1630 5.40 | 0.281 21 1580 | 1.67 | | 0,017 
6 1672 5.44 | 0.296 24 1637 | 1.65 | 0.017 
8 1730 4.48 | 0.331 E-12 4 ISSI | 7.25 | 0.326 
10 1738 4.71 |-0.340 8 1586 | 6.12 0.276 | 
12 1689 -35 | 0.334 10 1583 4.60 0.167 
I 1583 00 | 0.271 13 1605 4.10 | 0.141 | 
I 1598 6.00 | 0.302 | 18 1607 5.48 | 0.264 | 
18 1625 5.16 | 0.268 | 2x | Zx590 0.345 
20 1630 6.00 | 0.333 E-15 3 1652 | 1.60 0.017 
22 1613 6.93 | 0.358 5 1678 | 2.30 | 0.061 
24 1715 | 7.46 | 0.304 7 1641 | 2.41 | 0.050 
E-39 2 1615 1.81 0.033 9 1625 3.42 | 0.117 
4 1615 2.40 | 0.006 II 1624 3.42 | 0.112 
1671 2.88 | 0.083 13 1619 4.78 | 0.244 
8 1590 2.00 | 0.015 I5 1601 0.278 
10 1635 2.26 | 0.039 17 | 1632 0.347 
} i 
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TABLE 3.—(Continued) 














Temper- 5 See ween 
Heat Test | ature, | (S)/[S] , terey “Acid 
| Deg. C. | _ — 
ee ys RSE 
i 
E-15 | 19 1640 8.05 | 0.362 
E-16 SS 1636 3.18 | 0.054 
9 1648 2.60 0.018 
. 1660 1.67 ).027 
15 1597 I.20 ), O61 
17 1616 1.29 0.073 
| 19 1608 I.04 0.084 
B-«s | as 1617 2.23 | 0.016 
E-19 3 1628 | 0.019 
5 | 1649 2.89 | 0.044 
9 | 1719 2.30 | 0.069 
7 1 2a 2.16 | 0.070 
14 | 1624 2.40 | 0.023 
18 | 1639 | 2.05 0.038 
24 | 1623 | 1.33 0.008 
29 | 1608 | 0.82 0.040 
E-20 a | tees} 0.065 
s | 3627 | 3.53 0.000 
7 1640 1.93 0.008 
Q | 1657 1.53 022 
II 1649 1.24 0.051 
14 1643 0.99 0.015 
19 16002 z.33 0.019 
22 1638 1.69 0.029 
25 1010 2.15 0.039 
E-21 3 1592 0.000 
5 1600 0.000 
8 1617 0.087 
10 1619 4.00 | 0.154 
13 1611 4.37 0.187 
Is 1630 4.48 0.247 
.. 7 1659 4.83 | 0.241 
19 | 1653 4.52 0.251 
E-22 9 | 1602 | 5.40 | 0.169 
i 10 | 1615 5.88 | 0.254 
| 13 | 1596 6.88 | 0.207 
; 5 1638 6.10 | 0.284 
17 | 1665 1.33 | 0.001 
| 19 | ¥506 0.88 0.035 
| Sf | sse6 0.68 0.054 
23 | 1604 1.15 0.044 
25 | 1590 I.92 0.029 
| 27 | 1601 2.20 | 0.012 
| 29 1604 1.73 0.063 
ee 1598 1.48 - | 0.058 





or form a polymeric silicate ion such as 
(Si207)-*. One exception was made in the 
grouping shown above. If, after neutraliza- 
tion of SiOz, P.O; and Al,O;, there was 
excess base available, ferrite was assumed 
to be capable of forming; however, Fe,0; 
behaved as an acid only as long as there was 
base available. If all the base was con- 
sumed in handling the first three acid 
groups above, then Fe,O; was considered 
simply as part of the FeO. 

The results of these calculations are 
listed in Table 3. 


Effect of Excess Base or Acid upon 
Sulphur Distribution 
A large-scale plot was prepared, show- 
ing the distribution ratio (S)/[S] against 
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“excess base or acid.” This plot contained 
all of the data on heats E-29 through E-42 
except those containing Al,O; or CaF», 
since the effects of these constituents were 
initially unknown. This plot showed the 
expected increase in the desulphurization 
ratio with increasing excess of base. It 
showed a totally unexpected lack of in- 
fluence of FeO and of temperature. It was, 
in fact, possible to draw a very satisfactory 
normal line representing all the data 
within the ranges 3 to 70 per cent FeO and 
1540° to 1660°C. This standard curve is 
shown in each of the Figs. 1 to 6 inclusive, 
which also demonstrate the effect of indi- 
vidual variables upon deviation from the 
normal. 


Effect of MnO and CaF» 


Fig. 1 shows how the high MnO points 
(up to 39 per cent MnO) imslags containing 
no lime fit the standard curve. This plot 
shows that MnO is indeed as good a de- 
sulphurizer on a mol per mol basis as CaO. 
Where both MnO and CaO were present in 
large quantities the effect on the sulphur 
distribution ratio is the same as though 
only CaO or only MnO were present. 

Fig. 2 shows the desulphurization ratio 
for slags containing fluorspar. The points 
scatter themselves regularly about the 
standard line. The fit of the points is not 
as good as might be desired but is definitely 
sufficient to demonstrate that fluorspar is 
without effect on the sulphur distribution. 


Effect of AlzOs 


At first, in calculating excess base or acid, 
the Al,O; content was ignored, since its 
strength as a base or acid was not known. 
The literature certainly did not offer a con- 
crete suggestion. The resulting points, 
when the slags were uncorrected for Al,Os;, 
fell on a line to the extreme right of the 
standard line of Fig. 3. This indicated that 
the calculated values were too basic and 
required some correction for Al,O; as an 
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EXCESS BASE OR ACID - IN MOLS PER MOL OF SLAG 


Fic. 1.—EFFECT OF HIGH MANGANESE OXIDE ON DESULPHURIZATION RATIO. 
Data on slags containing 13 to 39 per cent MnO and free of CaO. 





= 





(S/S) 





—_ 














a agi ee 




















ees eee aenaen anes 


-.05 +.10 +15 +20 +25 +.30 +35 +40 


+.05 : 
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Fic. 2.—EFFECT OF FLUORSPAR ON DESULPHURIZATION RATIO. 
Data on slags containing 4 to 17.6 per cent CaF». 
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Fic. 3.— EFFECT OF ALUMINA ON DESULPHURIZATION RATIO. 
Illustrating method of determining the behavior of alumina; data of heat E-42. 
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acid. Accordingly, one mol of base was 
used to neutralize one mol of Al,O;. The 
newly calculated points fell closer to the 
normal line now (Fig. 3) but still regularly 
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of the occurrence of any crystalline alumi- 
nates in the solidified slags. 

Subsequently two additional heats were 
made, E-43 and E-44, wherein Al,O; was 
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EXCESS BASE OR ACID - IN MOLS PER MOL OF SLAG 
Fic. 4.—Errect or FeO ON DESULPHURIZATION RATIO IN THE TEMPERATURE RANGE 1580° TO 
1650°C., 
This plot shows all points used in establishing the standard line; data on slags from heats 


E-29 through E-44. 


offset from it. In a second recalculation, 
two mols of base were used to neutralize one 
mol of Al.O;. The recalculated values now 
fell very regularly about the standard line, 
a line through them coinciding with the 
standard, showing that on a mol per mol 
basis Al,O; is as much acid constituent as 
is SiO», requiring the same number of mols 
of base for neutralization. Fig. 3 is a very 
good example of how easy it is to study the 
behavior of unknown constituents in slag- 
metal work once a reasonable theory is 
worked out to give a standard reference 
line. It is also a good example of the method 
by which conclusions are reached regarding 
the nature of the compounds in liquid 
slag. It should be noted also that the 
validity of the conclusion is independent 


substituted almost exclusively for SiO, 
(Al,O; went up to 23 per cent while SiO, 
was down to 1 per cent). The values cal- 
culated by this method fall very regularly 
about the normal line as before and cannot 
be differentiated from the normal open- 
hearth type alumina-free points. 

The calculations of the preceding paper?® 
were based in part upon the assumption 
that alumina forms such compounds as 
CaO-Al,O;. The precision of the data on 
phosphorus distribution was not sufficient 
to permit a decision between this and the 
formula here employed, 2CaO-Al,O¢. Since 
the high-alumina heats E-43 and E-44 
were not included in the phosphorus study, 
a recalculation of the data to the new 
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basis would not be expected to make a 
noticeable difference in the conclusions. 


Effect of Slag FeO 


All the slags in heats E-29 through 
E-44 were next plotted on one graph (Fig. 
4). Only the slags in the temperature range 
1580° to 1650°C. were included to eliminate 
temporarily any possible temperature ef- 
fect. All slags in the range of 3 to 70 per 
cent FeO were includes, regardless of other 
composition variables. Fig. 4 shows without 
the question of a doubt that the equilibrium 
sulphur distribution ratio is a function only 
of excess base or acid. For a given value of 
excess base the distribution is independent 
of the FeO content of the slag. Four 
ranges of FeO are shown in the figure and 
the scatter of points around the line is 
about equal in each of the chosen ranges. 

This does not mean that the addition of 
iron oxide to a slag is entirely without effect 
on the desulphurization ratio. An addition 
of iron oxide acts as a diluent to the acidic 
and basic components and thus decreases 
the excess base or acid count of the slag. 
Its effect on desulphurization is only that 
due to this dilution. This is a much smaller 
effect than would have been predicted on 
the basis of the reaction generally assumed: 


CaO (slag) + FeS = CaS (slag) + FeO (slag) 


If this were the controlling reaction, an 
increase in the mol fraction of FeO from 
0.1 to 0.6, at constant CaO activity, should 
produce a sixfold decrease in the desul- 
phurization ratio. Experimentally it is 
found that, at constant excess base, such a 
change in FeO content is without effect 
on the sulphur ratio. The two conditions 
are not identical and are not simply related. 
A constant value of excess base with slag 
FeO changing from o.1 to 0.6 involves a 
decrease in activity of basic oxides of 
about so per cent which, on the basis of 
the equation, would approximately halve 
its desulphurizing power. Thus the equa- 
tion would predict that an increase of FeO 
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from o.1 to 0.6 at comstant excess base 
would reduce the sulphur ratio by a factor 
of 12. The fact that the ratio is not reduced 
at all (Fig. 4) may be regarded as strong 
evidence that the equation fails to repre- 
sent the reaction by which sulphur is con- 
trolled in the basic open-hearth process. 

To make this point clearer, let us select 
a pair of slags having about equal excess 
base and about equal sulphur ratios but 
differing widely in FeO content and see 
how they would compare with respect to 
a hypothetical equilibrium constant of 
the now discredited equation written 
above. The data for two such pairs are 
tabulated below, values for (FeO) and 
(CaO’) being quoted from Winkler.*® 





; 
Sample No. | 23ces sts] (FeO) | (CaO’)| K 











E38-14 0.271 | 6.0 0.66 | 0.205 | 14.9 
E44-34 0.269 | 5.7. | 0.10 | 0.587 2.2 
E32-22 0.154 | 3.96 | 0.59 | 0.266 8.7 
E40-29 oO 3.70 0.10 | 0.458 | 0.8 


} 
-142 | 
| 








From this it is seen that K is not a 
constant at all and hence that equilibrium 
in the reaction as written has nothing to 
do with desulphurization by slags of this 
type. 

This does not imply that this reaction 
is absent in the blast furnace or under 
reducing electric-furnace slags where the 
FeO content is much lower. A second 
argument that this is not the controlling 
reaction is found in the nearly complete 
absence of a temperature coefficient. The 
reaction as written is endothermic; hence, 
desulphurization should improve with 
increasing temperature (as it does in 
the blast furnace). However, in the next 
paragraph it will be shown that the tem- 
perature effect, if any, is in the opposite 
direction. 

As an alternative mechanism, it is 
suggested that desulphurization takes 
place by reactions of which the following 
are typical: 








pore 
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FeS = FeS (slag) 
MnS = MnS (slag) 


The dependence upon slag basicity is 
then ascribed to the effect of basicity upon 
physical characteristics of the slag, an 
effect that might be roughly summarized 
by the statement that sulphides become 
more soluble as the slag becomes more 
basic. 

It is evident that this explanation 
requires also that the desulphurization 
ratio be affected by the alloy content 
of the bath, since different sulphides would 
possess different distribution ratios. It 
may be shown, however, that at the level 
at which manganese occurs in normal open- 
hearth practice the MnS content of the 
metal is small compared with its FeS 
content.*® The desulphurization ratio is 
thus mainly controlled by the distribution 
ratio for FeS. 


Effect of Temperature 


There remained only the need of deter- 
mining the effect of temperature on the 
sulphur ratio for constant excess base or 
acid. Fig. 5 shows the point distribution for 
three temperature ranges, using again 
only the heats with more than 3 per cent 
and less than 70 per cent FeO. Essentially 
there is no temperature effect in the range 
1540° to 1660°C. To determine whether 
extremes of temperature might show some 
effect, those points in the range 1670° to 
1800°C. are plotted in Fig. 6. 

Some of these extra high temperatures 
may be in error by some 20° to 30°C., 
but they all are above 1670°C. It appears 
from Fig. 6 that there is a very small tem- 
perature effect in the direction that 
increasingly high temperatures make de- 
sulphurization slightly worse. Several low- 
temperature points of equal uncertainty 
are also plotted. Some of these low tem- 
perature points are further complicated 
by being of very low FeO (less than 3 per 
cent). The latter points show that ex- 


tremely low temperatures and/or low 
FeO favor desulphurization to a greater 
or lesser degree, combinations of the two 
factors producing a fairly large favorable 
effect. 


Sulphur Distribution under Simple 
CaO-SiO.-FeO Slags 


It has been shown that the sulphur dis- 
tribution ratio is controlled almost wholly 
by the excess base or acid present in the 
slag at equilibrium, the excess constituent 
being calculated by the method just 
described. These calculations had worked 
for slags of regular and extreme composi- 
tion variations. There were available in 
addition a large group of slags in the CaO- 
MgO-SiO,-FeO system, which had been 
investigated by Fetters and Chipman.® 
Calculated by the method just described, 
the results are plotted in Fig. 7. For the 
sake of comparison, the standard line 
of the much more complex slags of heats 
E-29 through E-44 shown in Fig. 5 is 
also drawn in Fig. 7. The agreement is 
almost perfect, and the points from both 
groups of heats could readily be plotted 
together. 

The spread in values shown in Figs. 5 
and 7 can be attributed to several causes: 

1. Calculations in the mol and mol-frac- 
tion values and in the compound forma- 
tions may contribute some small amount 
to the error. 

2. Small errors in the analysis of sulphur 
can contribute quite largely to the spread; 
for example, an error of 0.002 per cent 
in the metal sulphur can cause a change of 
0.§ or more in the sulphur ratio. If an 
additional error in the opposite direction 
was made in the slag sulphur, the error 
in certain cases can amount to between 
0.5 to 1.0 in the sulphur ratio. This is not 
too unlikely with regard to sulphur deter- 
minations. On this basis it can therefore 
be concluded that the spread in the sulphur 
ratios for a given excess base value is 
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not severe at all, but is within the desired 
limits. 
Practical Considerations 


Until now the results from a precise 
equilibrium study in heats free of carbon 
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method described in this paper, and the 
values are plotted in Fig. 8. It was neces- 
sary to discard three of Diehl’s slag-metal 
sets that showed sulphur ratios of 9.4,10.6 
and 1o.g. All three showed a large cold-pig- 
iron addition about 15 min. before the tests 
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EXCESS BASE OR ACID - IN MOLS PER MOL OF,.SLAG 
Fic. 7.—SULPHUR DISTRIBUTION IN SIMPLE SLAGS CONTAINING LIME, MAGNESIUM OXIDE, SILICA 
AND IRON OXIDE. 
Data of heats E-s5 through E-22. 


have been discussed. It would be interest- 
ing to see how these same factors behave 
in the basic open hearth, where metalloids 
such as carbon contribute to the 
equilibrium conditions. 

A search of the literature has shown 
that the maximum attainable sulphur ratio 
in the open hearth is about 10.*47 Only 
one exception to this was noted, the 
values being 15.5 and 14.7, given by Darken 
and Larsen.** These extreme figures might 
occur momentarily as a result of abnormal 
absorption from the furnace gases but 
seem more probably the results of errors 
in sampling and analysis. From our equilib- 
rium study the best sulphur ratio is 
indicated to be only 8. 

About 26 slag-metal groups were taken 
from open-hearth heats involved in studies 
by A. N. Diehl,* Darken and Larsen,” and 
Tenenbaum and Brown.” These slags were 
calculated for excess base or acid by the 


non- 


were made. In view of the fact that a 
vigorous boil always accompanies a pig 
addition, it would not be surprising to find 
that the slag picked up considerable sul- 
phur from the producer gas flame, which 
showed very high sulphur content. This 
would explain the high sulphur ratios for 
these heats. Three tests were from heats 
refined under natural gas; these three 
values fit the equilibrium curve perfectly 
and are marked with an WN in Fig. 8. 
With the exception of the three extra high 
sulphur-ratio points of Darken and Larsen, 
the others fit the curve well. All of Tenen- 
baum and Brown’s points fall evenly on 
either side of the standard curve. The 
greater spread of values shown in Fig. 8 is 
undoubtedly due to errors in sampling and 
analysis. For example, in Diehl’s heats,* on 
four tests from doors 1, 2, 3 and the back 
of the furnace, as much as 0.009 per cent 
sulphur difference in the metal tests and 
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0.05 in the slag tests were noted. These 
differences can cause a deviation of 2.0 

in the sulphur ratio from the average. 
While higher temperatures and the use 
16 


An extremely wide range of slag com- 
positions in both the simple and complex 
slag systems was investigated, wherein 
temperature was an additional variable. 
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EXCESS BASE OR ACID-IN MOLS PER MOL OF SLAG 
Fic. 8.—SULPHUR DISTRIBUTION IN THE BASIC OPEN HEARTH. 


of fluorspar show no effect on the sulphur 
distribution from an equilibrium stand- 
point, nevertheless they are important in 
open-hearth operation. Both make it pos- 
sible to dissolve lime more readily and make 
the slags more fluid. They therefore con- 
tribute greatly to the speed of open-hearth 
reactions without changing the end point. 
Fig. 8 indicates as a matter of fact that the 
sulphur reaction does generally approach 
equilibrium in the basic open hearth during 
the latter part of the refining period. 


SUMMARY 


A long series of experimental heats was 
made in an induction furnace for the 
purpose of studying the equilibrium dis- 
tribution of sulphur between the metal 
and an assortment of basic slags ranging 
from strongly basic to slightly acidic. 


The constitution of the liquid slag was 
formulated on the basis of attraction 
between basic and acidic quantities accord- 
ing to the following rules. The basic oxides 
CaO, MgO and MnO were taken in all 
ranges to be equal on a mol per mol basis. 
The following molar ratios were taken as 
necessary for a neutral slag (the third 
one being deduced from the data presented): 


2 Base:1 SiO, 
4 Base:1 P.O; 
2 Base: 1 Al2Os3 
1 Base:1 Fe203 


When insufficient base was available, 
Fe.0, was considered neutral and added 
to the FeO. FeO was considered uncom- 
bined in all cases. 

The remaining base or acids after these 
combinations were fulfilled were then 
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added and designated as the “excess base 
or acid count,” expressed in mols per mol 
of slag. 

From plots of the sulphur ratio (S)/{S], 
where (S) is the slag sulphur and [S] is 
the metal sulphur in per cent values, 
against the excess base or acid count it 
was concluded that in slags of the type 
considered: 

1. MnO and MgO on a mol per mol basis 
are as good desulphurizers as CaO. 

2. Fluorspar is neutral and does not 
affect the sulphur ratio. 

3. Alumina (Al,O;) requires the same 
number of mols of base to 
it as does SiOz. 

4. Slag FeO (from 3 to 70 per cent) has 
only a dilution effect on 
ratio. Therefore the equation 


CaO gag) + FeS = CaS weisz) + FeO eins) 


neutralize 


the sulphur 


does not represent the controlling reac- 
tion in the open hearth; instead desul- 
phurization is controlled by the 
tribution ratio of the 
between slag and metal. 

5. Temperature in the range 1540° to 
1660°C. shows no 


dis- 


metal sulphides 


measurable effect on 
the sulphur ratio. Temperatures greater 
than 1670°C. appear to have a small harm- 
ful effect while temperatures below 1540°C. 
and/or FeO below 3 per cent appear to 
have a beneficial effect on desulphurization. 

6. Sulphur distribution is 
almost entirely by the excess base or acid 
count and the relationship is almost linear. 

7. Basic open-hearth values of the sul- 
phur ratio show reasonably good agree- 
ment with the equilibrium study values 
for the same basicity, regardless of carbon 
content. Sulphur equilibrium is closely 
approached during refining in the open 
hearth and the sulphur ratio in low-carbon 
heats reaches its maximum value at 
about 8. 


controlled 
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DISCUSSION 


(John J. Golden presiding) 


A. SKapski.*—The work of Professor 
Chipman and his collaborators is well known 
and duly appreciated in Europe, from where 
I just came. All I can do is to congratulate 
the authors upon this new and excellent con- 
tribution to the study of sulphur equilibria 
in steel, which was executed in such a masterful 
way. 

At the same time I should like to direct 
the attention of the authors to a paper referring 
to sulphur equilibria, which obviously could 
not have been known to them as it was pre- 
sented to the Polish Academy of Technical 
Sciences by Goslawski, Kotlinski and myself*! 
and appeared in its Annales just before the 
war. To be clear I must give a brief résumé 
of this paper. 

It has been generally accepted that sulphur 
in steel exists principally in two forms: FeS 
and MnS. We must make the point quite 
plain, however, by asking what experimental 
evidence supports this view. As a matter of 
fact, there are no standard methods for the 
determination of sulphides in steel separately. 
The first, and only method known so far, 
is that published by Fitterer.*? He uses elec- 
trolytic extraction of inclusions from steel 
under conditions that secure complete recovery 
of extracted sulphides. From the nonmetallic 
residue containing inclusions, litterer dissolves 
MnO in sodium-citrate solution; he also 
determines the total manganese content of 
the inclusions. By substracting Mn belonging 
to MnO from the total manganese content 
of the inclusions, MnS is calculated. The sul- 
phur belonging to MnS is subtracted from 
the total amount of sulphur in the steel, 
and this difference is calculated as FeS. The 
figure thus obtained for FeS is only a specula- 
tive one, and 1s based on the correctness of 
the assumption that sulphur in steel is dis- 
tributed between Fe and Mn. 

Work on electrolytic methods for the deter- 
mination of nonmetallic inclusions in steel 
done by myself and my collaborators, first 


* Untversity af Chicago, Chicago, Illinois. 
31 Goslawski, Kotlinski and Skapski: Ann. 
Acad. Sci. Tech. Varsone (1939) 6, 23. 


I. 3205 (1933). 


32 Fitterer: U.S. Bur. Mines 


in Stockholm, Metallografiska Institutet (1933- 
1934), and then in Krakow, Institute of 
Physical Chemistry, Mining Academy (1934- 
1939) has resulted in an improved electrolytic 
method of extracting nonmetallic inclusions 
in steel and their separation into the main 
constituents—oxides and silicates as well as 
sulphides. I wish to speak here only about 
the sulphidic inclusions, however. After our 
electrolytic and analytical methods had been 
perfected, we were very much surprised by 
their results, because no commercial plain 
carbon or low-alloy steel analyzed would show 
more than trace of FeS, while all would show 
manganese sulphide and, curiously enough, 
copper sulphide. 

When we first obtained such results in 1936 
I did not believe they were correct, and 
suspected that the presence of CuS was due 
to some error of method; i.e., that CuS was 
being produced from FeS + Cu (the latter 
being always present in steel) either during 
the electrolysis or through the subsequent 
chemical treatment of the extracted inclusions. 
But all the tests made and all precautions 
introduced in the analytical methods, particu- 
larly the direct extraction of copper sulphide 
with KCN solution from the electrolytic inclu- 
sions residue immediately after it had been 
washed with water have convinced us that 
copper sulphide could not be produced second- 
arily under the conditions of our procedure 
and that actually it must have existed in steel. 

Consequently, we were obliged to accept 
that sulphur in steel is divided between 
manganese and copper and that FeS exists 
but in small amounts. We have since analyzed 
many samples of commercial plain carbon 
and low-alloy steels and in all we have found 
this sort of distribution of sulphur. It is to be 
emphasized that the sum of sulphur found 
in MnS and CuS agreed with the total sulphur 
content of the steel within the limits of experi- 
mental error. 

I will quote here only one example of 
analysis for sulphides of a steel sample (ob- 
tained through the courtesy of Metallo- 
grafiska Institutet, Stockholm) the copper 
content of which was the lowest of all com- 
mercial steels that have been under our 
investigation. The composition of the steel was: 
0.97 per cent C, 0.43 Mn, 0.29 Si, 0.024 P, 
0.008 S, 0.008 Cu. 
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The composition of sulphides (two parallel 
electrolyses) was: 


Per Cent Per Cent 


DMG ccph cage vitintesacenGess ee 0.014 
CuS Se SCORES COR CODE EERO CES EOS 0.009 0.010 
asa adais tai 0 hare do's Wachee 0S trace trace 
S(MnS)S(FeS) So Sd ia ath veh ai ds ei te GA is 0.008 0.009 


There is a considerable proportion of CuS 
and only trace of FeS in spite of the very 
small content of copper. 

After the analytical results had been checked 
we made some direct measurements of affini- 
ties of sulphur for copper, iron and manganese 
at the temperatures approaching those of the 
steelmaking process, because it is clear that 
the analytical results obtained indicate that 
copper—at least at 1500° to 1600°C.—must 
have greater aflinity for sulphur than iron 
and perhaps even manganese. 

We calculated the affinities by measuring 
directly the equilibria 


Metal Sulphide + H:= Metal + H.S 


basing on the numerical data for 2H.S = 2H, 
+S. measured in a very exact and reliable 
way by Kelley in this country. 

The results of our measurements confirmed 
our analytical results: the affinity of sulphur 
for copper at high temperatures was found 
greater than that for iron and at 1500° to 
1600°C. very much greater, and indeed even 
considerably greater, than for manganese. 

These affinities refer, of course, to the 
reactions between pure substances, and when 
they are dissolved in molten steel the problem 
becomes more complex. But even in the latter 
case, the aflinity of sulphur for copper is 
favored by the circumstance that there is 
(at least in presence of small amounts of 
carbon) a miscibility gap between liquid 
iron and copper. To illustrate this, I assume, 
after Hansen, that at 1600°C. a layer con- 
taining 8 at. per cent Cu coexists with a layer 
containing go at. per cent Cu (both in iron 
solution). We then get the accompanying 
diagram (Fig. 9) for the activity of copper 
and manganese in liquid iron (schematically). 
The diagram shows that at 1600°C. the activity 
of copper is about 10 times greater than that 
of manganese at the same concentration. 

Having in mind this favorable circumstance 
for copper and the very great difference in 
affinities of sulphur for copper and for iron 


(also in favor of copper sulphide formation) 
we may, even in the steel bath, accept that the 
affinity of sulphur is greatest for copper, 
smallest for iron, and that the affinity for 
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manganese lies between them. As the tempera- 
ture decreases, however, the aflinity of sulphur 
for copper decreases much faster than that for 
iron and manganese, consequently the affinity 
relations may reverse at lower temperatures. 

We also made some attempts to show the 
presence of CuS in inclusions by direct etching. 
We got some encouraging results using warm, 
concentrated KCN solution, but our work 
was interrupted by war. 

Although only Cu.S, in the pure state, 
is stable at high temperatures, and although 
all the reactions at 1600°C. are consequently 
concerned only with Cu,S, in inclusions in 
finished steel not Cu.S but CuS is found. 
Whether this is due to the decomposition 
Cu.S—CuS + Cu in steel during cooling, 
or to some other reason, no answer can be 
given at present. 

I dare to suggest that the authors’ results 
might gain in clarity by additional analyses of 
the bath samples for the form of the sulphides 
present. This would be especially useful in 
view of the fact that true equilibrium (parti- 
tion) constants are concerned only with the 
same kind of dissolved component in both 
phases, and not with total sulphur. 

I wish to stress the point that the problem of 
the presence of CuS in steel has been hardly 
more than started and needs much of further 
elaboration. So far only some of the cor- 
rosionists (U. R. Evans, Cambridge) accept 
the presence of CuS as an explanation of the 
corrosion-resistance influence of Cu and §S 
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in steel. Our paper concerning Copper Sulphide 
in Steel was published too late in 1939 to be 
circulated, and only a few copies, those sent to 
my friends in England and Sweden, were pre- 
served. Then war broke out and, being put 
into prison for 26 months, I hardly had oppor- 
tunity to take up further work. The problem 
has been taken up anew in the Institute for 
the Study of Metals, University of Chicago, 
and will be investigated in detail. 


G. SoLter.*—I want to raise a question with 
Dr. Grant, whom I know has had practical 
experience on the open hearth and the electric 
furnace. In considering the equilibria of the 
sulphur reaction, there are two conditions 
in the electric furnace. One is during the 
oxidizing period when the lime-silica ratio 
may be 2:1, the FeO high, and the tempera- 
ture may be not quite as high as in the final 
stages. Then, comparing that condition with 
the reducing slag, we have higher basicity, 
very low FeO, and the temperature of the slag 
would be a little higher. Why are we able to 
reach low sulphurs with the final reducing slags 
and not able to do the same with the highly 
oxidizing slags? 


G. DerGE t—This is an excellent paper and 
what I am going to say is in no way a criticism. 
However, the treatment is limited to oxidizing 
slags under open-hearth conditions and I 
think it might be well to point out the existence 
of other conditions in desulphurization, so 
that we do not lose track of them. Commonly 
we feel that sulphur removal is easiest under 
reducing conditions in basic slags. So the 
complete chemistry of the desulphurization 
picture should take that into account also. 
This is one case where it is especially true 
that our picture of these reactions is clarified 
considerably if we consider slags as ionic 
solutions instead of as dissociated oxides, as 
indicated by these reactions: 


[S~|Meral we (S™)siag {1} 
(S~) + (Ca**) = (CaS) [2] 
(2Cat*) + (SiO = (Ca.SiO,) [3] 
(Ca*+) + (Fe,0.") = (CaFe.0,) —[4] 


According to reaction 1, we are dealing with 
a distribution of sulphide ion between the slag 
* Timken Roller Bearing Co., Canton, Ohio. 


¢ Metals Research Laboratory, Carnegie 
Institute of Technology. 


and metal phases. In the slag this ion will 
react with calcium ions to form calcium sul- 
phide, according to reaction 2. The extent to 
which this reaction goes to the right will be 
determined by the availability of calcium ions. 
This in turn will be determined by reactions of 
the types illustrated by 3 and 4, so that in 
acid or oxidizing slags the calcium ion con- 
centration will be appreciably reduced and 
conditions will not be favorable for desul- 
phurization. This is in qualitative agreement 
with observations that desulphurization of 
iron is easiest under the reducing slag of the 
basic electric furnace and impossible in acid 
open-hearth or bessemer processes, while 
it is subject to control in the blast furnace 
and basic open hearth. 

We do not have quantitative data for such 
reactions, but it seems to me that this genera] 
sort of picture must be considered if we are 
going to analyze desulphurization in a!! of its 
aspects and not just in the basic open hearth 


A. SKapskI.—I am referring to the sug 
gestion made that we may be helped in the 
explanation and calculation of equilibria 
between the steel bath and the slag if we 
assume the electrolytical dissociation of the 
latter. 

I am willing to admit that some qualitative 
hints can be gained by this assumption, but I 
am very sceptical as far as the derivation of 
any numerical data is concerned which might 
be useful in calculation of thermodynamic 
equilibria. 

The reason is that numerical calculations 
connected with electrolytes are comparatively 
simple in two extreme cases only: that of very 
slight dissociation (weak electrolytes) and 
that of complete dissociation. In the first case 
we may apply the simple law of mass action, 
as expressed in concentrations; in the second 
we must use activities instead of concentrations, 
but we are able to calculate these activities, 
at least with some approximation, ez., in 
the way shown by Debye, Hueckel, Bjerrum 
and others. As far as I know, we hardly can 
classify molten slags in either of these groups. 
The existing evidence seems rather to indicate 
that we have to deal with a very advanced 
but not complete dissociation. The introduc- 
tion of dissociation in this particular case would 
therefore only cause further complications. 
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MemBer.—I am particularly interested in 
desulphurization in the blast furnaces. I 
wonder if the authors of this paper have any 
comment to make on the mechanics of blast 
furnaces. 


J. Cutpman anv N. J. Grant (authors’ 
reply).—The icnization of these slags is some- 
thing that has given us considerable room for 
thought and study It is quite feasible to take 
all of the sulphur distribution data and obtain 
a very satisfactory interpretation on the basis 
of complete ionization of the components of 
slag. Sulphur is a particularly simple case. 
When the same methods are applied to the 
distribution of oxygen between the slag and the 
metal the results have not yet made sense 
on the basis of any quantitative theory of 
ionization of the slags which we have studied. 
However, that need not discourage us from 
such studies in the future. 

The recently published thecry of Temkin, 
Samarin and Shvarzman,** of the Moscow 
Institute of Steel, dealing with the concept of 
an ideal ionic solution, has not yet been applied 
to oxygen ‘distribution, but if it will yield 
satisfactory results for oxygen, and there are 
now plenty of data available, it may prove to 
be a basis for a good theory of slag. Pending 
further development of ionic theory, we shall 
have to answer the questions on the basis of 
the well-worn theory of the formation of salts 
that are regarded as being little ionized. 

With respect to desulphurization in the 
electric furnace in the oxidizing stage, there 
is probably no difference between the behavior 
of the electric slag and open-hearth slag. 
Our experiments are as applicable to oxidizing 
slags in electric furnaces as they are in the 
basic open hearth. In the case of reducing slag 
in the electric furnace and probably also 
in the case of blast-furnace slags, we shall 
return to the equation for the reaction we 
have discarded for open-hearth slags: 


FeS + CaO(slag) = FeO(slag) + CaS(slag) 


At steelmaking temperatures this reaction 
can take place, but in the open hearth the 
reaction is forced very far to the left by the 


*%*M. Temkin: Aca Physicochimica (U.S.- 
S.R.) (1945) 20(4), 411. 
Samarin, M. Temkin and L. Shvarzman; 
Ibid, 421. 


FeO concentration of the slag. While we say 
the reaction is not the mechanism by which 
desulphurization is accomplished in the open 
hearth, we would not imply that it does not 
occur at all. It probably does occur at very 
low concentration of FeO. Now, put into the 
slag some carbon or ferrosilicon to remove the 
FeO, and the reaction is permitted to form 
more CaS. If there is something present to 
use up the FeO formed from the reaction, 
desulphurization can be achieved by the 
process, as is illustrated in the equation: 


FeS + CaO(slag) + C = Fe + CaS(slag) 
+ CO(gas) 


It is indeed regrettable that European data 
that appeared early in the war have not become 
available to American metallurgists. Dr. 
Skapski’s conclusions that sulphur in molten 
steel is principally combined with copper, 
secondarily with manganese, and to a lesser 
degree with iron, is tetally at variance with 
all results other than his own. His reasoning 
is perfectly gound, but we would question the 
dependability of the experimental results. 
Students of methods for determination of 
nonmetallic inclusions in steel have long recog- 
nized the limitations inherent in electrolytic 
methods, and conclusions based upon such 
methods alone should be regarded with caution 
until they can be confirmed by other means. 
In the present instance the cther means that 
are applicable depend upon thermcdynamic 
calculations that are outlined below and 
that definitely fail to support Dr. Skapski’s 
conclusions. 

The free energies of a number of metallic 
sulphides, among them FeS, MnS, Cu.S, were 
evaluated in a careful study of all existing 
data by K. K. Kelley.*4 The data permitted 
mfhor uncertainties in the numerical values 
but were sufficiently concordant to eliminate 
possibilities of gross errors. The free energy of 
dissolved sulphur in liquid iron, free from 
either copper or manganese, was determined 
by Chipman and Li** by means of equilibrium 
measurements in the reaction of hydrogen 


34K. K. Kelley: Contributions to the Data 
on Theoretical Metallurgy, VII—The Thermo- 
dynamic Properties of Sulfur, and its Inorganic 
Compounds, U. S. Bur. Mines Bull. 406. 

3s Chipman and Li; Trans Amer. Soc. for 


Metals (1937) 25, 435-465. 






eT eee 


; 
if 
; 
' 
j 
i 
H 








page henner neem eps 2 ts onan ee 


' 
vs 
Ph 
i: 
be 


ae OT 


ocoghaaaa 
Reet ore 





154 SULPHUR EQUILIBRIA BETWEEN LIQUID IRON AND SLAGS 


with iron-sulphur melts. These were the 
sources of the following equations, which are 
quoted from Basic Open Hearth Steelmaking. ** 
Fe(liq.) + }4S2(g) = FeS(liq.); 
AF° = — 28,000 + 10.2T 
Mn(liq.) + 14S:(g) = MnS(solid); 
AF° = —65,000 + 19.0T 
2Cu(liq.) + 34S2(g) = CusS(liq.); 
AF® = —27,920 ++ 5.6T 
Y4S2(g) = S(in Fe); 
AF® = —42,410 + 12.35T 


In addition, we require the free energy of 
fusion of MnS (obtainable with sufficient 
accuracy by- analogy with FeS), and the free 
energies of solution in the melt for manganese 
(from BOHS) and for copper. This last is ob- 
tained from the method of approximation 
which Dr. Skapski suggested and the results 
are shown below. In accordance with the usual 
convention the standard free energies of the 
alloy elements refer to a 1 per cent solution in 
liquid iron. 


- MnS(solid) = MnS(liq.); 


AF° = +6400 — 3.4T 
Mni(liq.) = Mn(in Fe); 


AF° = — 9.11T 
Cu(liq.) = Cu(in Fe); 
AF® = — 4.58T 


We may reasonably claim to have answered 
the question of the form of sulphur in the 
liquid iron if we can show by calculation the 


3%@ Basic Open Hearth Steelmaking, A.I.M.E. 
New York, 1944. 


ratio of iron to alloy element in the hypo- 
thetical phase which might form if its solubility 
in the melt were sufficiently low. For this 
purpose we combine several of the above 
equations to obtain: 


FeS(liq.) + Mn 


Fe + MnS(liq.); 
AF° — 30,600 + 14.5T 
FeS(liq.) + 2Cu = Fe + Cu,S(liq.); 
AF°>= +480+ 4.6T 
The equilibrium constants obtained from these 


equations at approximately the melting point 
of iron are: 


€Cu,S) 
(FeS) (%Cu)? 
MnS & 
(FeS)(%Mn) *° 


This falls slightly short of confirming Dr. 
Skapski’s statement that cuprous sulphide is 
more stable than manganese sulphide at high 
temperatures and that in liquid steel both are 
more stable than ferrous sulphide. Let us 
proceed, however, to calculate the ratio of 
alloy sulphide to iron sulphide as a function of 
metal composition, which gives the following 
results: 








Metal Composition, Sulphide Composition 

Per Cent Mn or Cu MnS/FeS Cu:S/FeS 
0.50 1.95 0.025 
0.20 0.70 0.004 
0.10 0.35 0.001 
0.05 0.17 0.00025 
0.02 0.07 0.00004 
0.01 0.035 0.00001 


It is felt that these results confirm our 
assumption that the sulphur in the open- 
hearth bath of low manganese content exists 
principally as dissolved FeS. 








Anelasticity of Metals 


By CLARENCE ZENER,* MEMBER A.I.M.E. 


(Chicago Meeting, February 1946) 


It is customary to regard the stress- 
strain relation as consisting of two parts, 
the elastic region and the plastic region. 
The essential attribute of the plastic 
region is the presence of a permanent set, 
which remains upon removal of all stresses. 
The essential attribute of the elastic 
region is the absence of such a permanent 
set. Absence of a permanent set does not 
imply a linear relation between stress and 
strain, nor even a single valued relation. 
In fact, in no real metal is stress a single 
valued function of strain in the elastic 
region. The property of a solid in virtue 
of which stress and strain are not uniquely 
related in the elastic range will be called 
“‘anelasticity.”’ The purpose of the present 
article is and correlate the 
past work upon the anelasticity of metals. 
The following paper by W. A. West!*4 
describes investigations anelastic 
properties of iron. 

Many manifestations of anelasticity 
have been observed, the first as early 
as 1835 by Weber.'? In his experiments 
Weber subjected a specimen to a constant 
load (or deformation) for a given time, 
and then suddenly removed the load. He 


to review 
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The statements or opinions expressed in thi 
article are to be considered those of the author, 
and do not necessarily express the views of the 
Ordnance Department. Manuscript received at 
the office of the Institute July 31, 1945. Issued 
as T.P. 1992 in METALS TECHNOLOGY, August 
1946. 

* Principal Physicist, Watertown Arsenal, 
Watertown, Massachusetts (On leave, .Pro- 
fessor of Physics, Washington State College); 
now Professor of Metallurgy, Institute for the 
Study of Metals, University of Chicago, 


Chicago, Illinois. 
1 References are at the end of the paper. 
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observed that most of the deformation 


suddenly disappeared, but that there 
remained a residual deformation, which 
disappeared only gradually with time, 
as is illustrated in Fig. 1. The occurrence 
of a residual deformation which only 
gradually disappeared, Weber called the 
elastic after-effect (Elastische Nackwir- 
kung). An extensive review of the early 
work upon elastic after-effects has been 
given by Auerbach.* Another manifesta- 
tion of anelasticity is the dependence of the 
elastic constants—e.g., Young’s modulus— 
upon the method of measurement. Thus, if 
dynamic methods are used, the measured 
value will depend upon the frequency of 
oscillation. Still another manifestation is 
dissipation of energy attending vibration, 
called damping or internal friction. 

One objective of metallurgical science 
is the understanding of the plastic and 
fracture properties of metals in terms 
of their microstructure. Through such an 
understanding will come the ability to 
design microstructure to give the desired 
mechanical properties. A study of an- 
elasticity will furnish an invaluable aid 
in the attainment of this objective. Such 
studies, when properly guided, yield 
information regarding the relation between 
stress and strain in the individual com- 
ponents of the microstructure. In order, 
however, that this type of information 
may be obtained, it is necessary that the 
experimental studies of anelasticity be 
interpreted by the appropriate mathe- 
matical analysis. This article, therefore, 
starts with the mathematical formulation 
of anelasticity. 
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MATHEMATICAL FORMULATION OF 
ANELASTICITY 


BOLTZMANN’S THEORY 


Extensive experiments were carried out 
by Kohlrausch*® in an attempt to for- 
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approach, on the other hand, one first 
establishes, from very general considera- 
tions, the functional relation between 
stress and strain, and leaves for future 
developments the physical interpretation. 
Meyer® and Voight’ adopted the first 
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Fic. 1.—ILLUSTRATION OF ELASTIC AFTER-EFFECT. 


mulate the general laws that govern the 
elastic after-effect. His only general con- 
clusion was that residual deformation was 
proportional to the initial deformation. 
Two theoretical approaches are available 
for the establishment of a theory of 
elasticity that embraces elastic after- 
effects. In the first approach, one assumes 
a detailed physical mechanism and then 
incorporates this mechanism into the 
fundamental differential equations, the 
solution of which leads to the relation 
between stress and strain. In the second 


approach; assuming that the stress at 
every point in the material was a linear 
function of both strain and strain rate. 
Boltzmann® pointed out the inadequacy 
of such an assumption. He himself adopted 
the second approach. With all its sim- 
plicity, Boltzmann’s method is _ based 
upon such general principles that it was 
able to fit into a precise mathematical 
formulation all previously observed elas- 
tic after-effects and also all later observed 
elastic after-effects and related phenomena. 
Progress since the time of Boltzmann has 
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been concerned solely with the physical 
interpretation of the elastic after-effect 
and related phenomena. 

If the strain e were a unique function of 
the stress S within the elastic range, their 
relation could be expressed as follows: 


Ee(t) = S(t) [x] 


where E£ is the elastic modulus. This equa- 
tion has two important properties: (1) 
it is linear, (2) it relates instantaneous 
values of strain to instantaneous values of 
stress. In Boltzmann’s generalization of 
this equation, he retains the first property, 
that of linearity, but allows the strain 
to be a function also of the past history of 
the stress. The most general way of 
allowing for such an influence of the 
past history of the stress is to write the 
fundamental equation as follows: 


t 
E.e(t) = S(t) + [ix ~ /)S(t) dt’ [2] 


Boltzmann has called @ the remembrance 
function. In this equation E,, is the limit- 
ing value the elastic modulus approaches 
as the frequency of measurement is 
increased. Once the remembrance function 
has been determined, Eq. 2 may be used 
to compute strain as a function of stress 
and of its past history. 

From Eq. 2 it follows that the simple 
loading and simple unloading experi- 
ments are symmetrical. Upon defining the 
instantaneous strain by ¢, 


e, = S/E. 


it follows upon differentiation of Eq. 2 
that 


Oo 


ie. 2s, 
(t) = eP(t), if S§= [3 
é(t) = eP(t) if ‘ oe [3a] 
So, § < oO ‘ 
5 = (2) if = 12 ] 
é(t) eM(i), if S ‘. ie b] 


This symmetry has been reported by 
Chalmers” in his experiments upon tin. 
The remembrance function may therefore 
be determined experimentally by either the 
simple loading or unloading experiment. 
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Not only the elastic after-effect, but 
also all other anelastic phenomena, may 
be computed from the remembrance func- 
tion by means of Eq. 2. Two anelastic 
effects deserve special consideration. One 
is the variation of the observed dynamic 
elastic modulus with the frequency of 
measurement. If Ey, refers to the modulus 
measured dynamically using a frequency 
of vibration f, then a convenient measure- 
ment of the variation of elastic modulus 
with frequency is the modulus defect 
A(f) defined by 


A(f) = (E. — E,)/Eo [4] 


The quasi-static modulus defect is then 
Ao = (Es — Ex)/Eo= [," ®r) dr [4a] 


The other anelastic effect is the dissipation 
of vibrational energy. A convenient meas- 
ure of this dissipation is the internal 


friction Q-'(f) defined by 
Q-"(f) = In n/ (rif) [5] 


where ¢ is the time required for the 
amplitude of vibration to be reduced to 
1/nth of its initial value in free vibration, 
or defined by 


Qf) = Af/3”*f [6] 


where Af is the width of the resonance 
curve at half maximum in forced vibration. 
Boltzmann has shown that these two 
anelastic effects are related to the remem- 
brance function by the following equations: 


A(w) 


Q-*(w) 


I, "SGHeswd 17) 
4 @(?) sin wi di {8] 


where w is the angular frequency of 
vibration. 


RELAXATION SPECTRUM 


Shortly after Boltzmann proposed his 
general theory of anelasticity, J. J. Thom- 
son® and Wiechert®!! arrived independ- 
ently at the concept of representing 
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anelastic effects as the superposition of a 
set, either discrete or continuous, of 
relaxations with different relaxation times. 
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Upon substituting this remembrance func- 
tion into Eqs. 7 and 8, one sees that the 
modulus defect and the internal friction 
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This concept shifts the emphasis from 
the remembrance function, about which 
most scientists have little physical in- 
tuition, to a distribution function, which 
is capable of quite precise physical in- 
terpretation. The significance of the 
concept introduced by Thomson and 
Wiechert is therefore that it paves the 
way for a physical interpretation of 
anelasticity. 

The elastic after-effect of a specimen 
with a single relaxation time is illustrated 
in Fig. 1. If 7 is this time, and Ao is the 
quasi-static modulus defect (see Eq. 4a), 
then, if the strain is held at the constant 
value éo for a very long time prior to / = o, 
and the stress is removed at ¢ = o, the 
strain at later times is given by 


e(t) = Ageve-“/* [9] 


From Eq. 3b it may be seen that this 
system has the remembrance function 


@(t) = Agr-te-“’7 [10] 


are given by the following two equations: 
A(w) = Ao/(1 + 7*w?) [11] 
QO-"(w) = Aogrw/(1 + 7?w?) [x2] 
These two quantities are plotted in Fig. 2 
as a function of the product rw. For values 
of this product greater than 10, both the 
modulus defect and the internal friction 
are practically zero. In ‘this region the 
frequency of vibration is so high that 
practically no relaxation occurs. For 
products of rw less than {9, the modulus 
defect has practically its limiting value 
Ao, and the internal friction is again very 
small. In this range the frequency of 
vibration is so low that the specimen may 
practically be regarded as relaxed at all 
times. Only in the intermediate frequency 
range does the modulus defect change 
appreciably and the internal friction have 
a value comparable to its maximum value. 
In this intermediate frequency range the 
specimen is partially but incompletely 
relaxed. 
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In representing the general case of 
anelasticity by a continuous distribution 
of relaxation constants, the question 
arises as to the most appropriate scale. 
Since the distribution frequently covers 
a very wide range, the logarithmic scale 
will be adopted. To this end the relaxation 
spectrum (7) will be so defined that the 
product ¥(r) d Int gives the contribution 
to Ao of those relaxations whose relaxation 
times lie within the range d In r at rT. 
Thus, from this definition and from Ea. 10, 
it follows that the remembrance function 
is related to W by 


H(t) = a V(r)re-“" dint [13a] 


and therefore by 
G0) = [vue du —_ [130] 


where p = 1/r. Substituting Eq. 13a into 
Eq. 3a, shows that the area beneath the 
relaxation spectrum is equal to the quasi- 
static modulus defect; i.e., 


Ao = E ¥(r) dint 


While the remembrance function may 
be determined experimentally through 
Eqs. 3a or 3b, no simple analytical method 
exists for directly determining the relaxa- 
tion spectrum from experiment. It is 
therefore expedient to make some simplify- 
ing assumption regarding the relaxation 
spectrum. One possible assumption, fre- 
quently found in the literature, is that ¥ 
has a constant value Wo within a certain 
range, and is zero outside this range. From 
Eq. 130, it may be seen that this assump- 
tion leads to the following relations: 


P(t) = (Wo/t) [e-/* — ej, 
y= beat <t<T?2 


o, otherwise 


and therefore 


Di) ~Yo/t, tr<t<t. [14] 








Another possible assumption is to regard y 
as only a slowly varying function of its 
argument; i.e., to regard the relaxation 
spectrum as changing only slightly over a 
single cycle of 10 of r. Under this assump- 
tion it is then possible to replace (7) in 
the integrand of Eq. 13a by its value at 
the maximum of the remaining portion 


of the integrand. This assumption leads to . 


the following relation between the remem- 
brance function and relaxation spectrum 


P(t) = Y()/t [14a] 


Upon using Eqs. 3a and 3), it is seen that 
this assumption therefore leads to the fol- 
lowing method of evaluating the relaxa- 
tion spectrum directly from experiment: 


v(t) 
y(t) 


d{ e(t)/e;}/d \n t, simple loading 
experiment [15a] 

— d{e(t)/e;}/d ln t, simple unloading 
experiment [15)] 


In the case where y is only a slowly 
varying function of its argument, the 
relaxation spectrum is intimately related 
to the internal friction. In order to obtain 
this relation, Eq. 12, which is valid for a 
single relaxation time, is converted into 
an equation valid for a continuous relaxa- 
tion spectrum by replacing Ace by the 
operator 


oe din r-¥(r) 


Upon replacing Y by its value at the 
maximum of the remaining portion of 
the integrand, 


Q-'(w) = @r/2)p(1/w) [(16a] 


This equation, which was derived by 
Boltzmann in essentially this form, was 
verified by him for glass and later by 
Bennewitz}*-!3 for several metals. 

In the case where y is only a slowly 
varying function of its argument, the 
relaxation spectrum is also intimately 
related to the modulus defect. In order to 
obtain this relation, we differentiate Eq. 
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11 with respect to w, and operate upon 
the resulting equation in the same manner 
used for Eq. 12. The following equation 


AREA =4(w), we i/t, 


=C(t,Ve IN 
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tic after-effects and related phenomena 
may be caused by the nonelastic response 
of isolated regions in the specimen, these 
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Fic. 3.— INTERPRETATION OF RELAXATION SPECTRUM. 


is obtained: 


dA(w)/d In w = —y(r) 


at T= 1/w i260) 


An interpretation of Eq. 15@ and 160 is 
presented in Fig. 3. 

According to the above analysis, when y 
is a slowly varying function of its argu- 
ment, it may be determined either through 
elastic after-effect experiments, by use of 
Eqs. 15a or 158, or through internal friction 
measurements, by use of Eq. 16a. The 
first type of measurement is especially 
suitable for finding the relaxation spectrum 
at large values of relaxation times; e.g., 
greater than 1 sec. The second type of 
measurement is especially suitable for 
finding the relaxation spectrum at small 
values of relaxation times; e.g., smaller 
than 1 sec. The two methods combined can 
conveniently cover the range of relaxation 
times from r1o-® to 105 sec. In the inter- 
mediate range of relaxation times, in 
the neighborhood of 1 sec., the two methods 
overlap. 


PHYSICAL ORIGINS OF ANELASTICITY 


RELAXATION CENTERS 


The idea appears to have first been 
advanced by Maxwell’ and later by 
several other investigators!®'617 that elas- 


regions being surrounded by a matrix 
that behaves in a perfectly elastic manner. 
The influence of such isolated regions 
may best be described with the aid of 
Fig. 4, where the boxed region is sup- 
posed to behave in a viscous manner. The 
instant a load is applied to the specimen, 
the deformation is essentially elastic, 
and constant throughout the specimen, 
as shown in Fig. 4). As the stress within 
the localized region gradually relaxes, 
it suffers further deformation, thereby 
increasing the stress in the surrounding 
elastic region. The load originally carried 
by the localized region becomes trans- 
ferred, so to speak, to the surrounding 
matrix. The situation after complete 
relaxation of stress is somewhat as de- 
picted in Fig. 4c. When the load is removed, 
the localized region, as well as the sur- 
rounding elastic matrix, is left in a state of 
residual stress, as depicted in Fig. 4d. The 
original configuration is obtained only 
after the residual stresses in the localized 
region have become completely relaxed. 
Prandtl?® has shown that irregularities in 
the lattice structure may give rise to 
localized regions in which shear stress is 
gradually relaxed as here depicted. 

The localized regions of Maxwell would 
lead to the linear relationship between 
macroscopic stress and strain postulated 
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by Boltzmann, provided the microscopic 
relations between stress and strain were 
everywhere linear. Thus in the localized 
region the relation between shear stress S 
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regions. Since Becker’s article, electrical 
methods of measuring internal friction 
have been developed”.*!.22 which require 
only extremely low amplitudes of vibration. 
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Fic. ——_ ILLUSTRATION OF STRESS CONCENTRATION IN ELASTIC MATRIX INTRODUCED BY STRESS 


RELAXATION IN LOCALIZED REGIONS (c), 
LOAD IS REMOVED (d). 


and shear strain e could be of the form 
d(S — Ge)/dt = —S/r [x7] 


In this equation r would be the relaxation 
time for the shear stress within the local- 
ized region. 

An equation of the type 17 has been 
objected to by Becker’? on the ground 
that the observed rate of plastic deforma- 
tion of metals increases with stress much 
faster than the first power. In corrobora- 
tion of this viewpoint Becker points out 
that the internal friction of metals in- 
creases with increasing amplitude of 
vibration, in contradiction to the pre- 
diction of Boltzmann’s theory. In answer 
to Becker’s objections, it need only be 
pointed out that Boltzmann’s analysis is 
applicable only to that low stress level in 
which powers of stress greater than the 
first can be neglected in the relationship 
between stress and strain for the localized 


AND OF RESIDUAL STRESSES THAT REMAIN AFTER EXTERNAL 


All investigators using such methods 
have found that the internal friction does 
become independent of amplitude of vibra- 
tion below a certain low stress level. 


Slip Bands 


Toward the end of the last century, it 
was observed that plastic deformation was 
confined to localized regions, called slip 
bands, and that plastic deformation 
introduced**.*4.25 anelastic effects, effects, 
however, that rapidly disappeared upon 
low-temperature annealing (100°C). Upon 
combining these two observations, Rosen- 
hain*® concluded that freshly formed slip 
bands behaved in a viscous manner, 
and that the amorphous structure was 
gradually reabsorbed into the surrounding 
crystalline matrix upon a low-temperature 
anneal. Contrary to Beilby’s viewpoint,?’ 
Rosenhain regarded the material in freshly 
formed slip bands as essentially weaker 
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than that in the surrounding crystalline 
matrix. The concept of amorphous slip 
bands is compatible with the atomistic 
concept of dislocations originally intro- 


region is represented by thatching, the 
shaded atoms being foreign atoms with 
little binding with each other and with 
the other atoms. When a shearing stress is 
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A. UNDISTORTED LATTICE 
THATCHING REPRESENTS REGION OF WEAK BINDING 
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LOCATIONS HAVE BEEN FORMED. THE THATCHED 
REGION HAS INCREASED (IN EXTENT 


FIG. 5.— ILLUSTRATION OF INITIATION OF SLIP BAND. 


duced by Orowan” and later extensively 
developed by Taylor,?® and_ recently 
reviewed by Seitz and Read.* 

According to the concept of dislocations, 
the low resistance to plastic deformation 
of actual metals, as compared with that 
of ideal metals, is due to the presence of 
certain weak areas, which generate dis- 
locations. This concept may best be 
explained by reference to Fig. 5. In 
illustration A of this figure, the weak 


now applied, the weak region may be 
considered as offering no resistance to a 
shearing stress, thereby resulting in a 
stress concentration at its extremities. 
This stress concentration results in the 
rearrangement of atoms as depicted in 
Fig. 5B, which may be regarded as con- 
sisting of a pair of dislocations of opposite 
sign. If the shearing stress is sufficiently 
great, these dislocations will move away 
from the weak region in opposite directions. 
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If the weak region were unaltered by 
the formation and departure of a pair of 
dislocations, an indefinite number of pairs 


could be formed in a similar manner. 


ZENER 163 
Institut fiir Metallforschung, by Kés- 
ter*!.52,.38 and his school, and later®4—38.121 
by several investigators in this country. 
Two observations are of special signifi- 
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Fic. 6¢.—EFFECT OF HEAT-TREATMENT ON INTERNAL FRICTION OF A HARDENABLE STEEL (after 
Ward). 
Frequency of measurement ~ 800 cycles per second. 
Fic. 66.—EFFECT OF TEMPERATURE OF ANNEAL AND OF MEASUREMENT ON ELASTIC AFTER-EFFECTS 
IN QUENCHED STEEL. (After Ward.) 


However, it is very likely, as depicted 
in Fig. 5B, that the weak region is extended 
by the formation of a pair of dislocations, 
the formation and departure of one pair 
thereby lowering the stress necessary for 
the formation of successive pairs. The 
formation of dislocations therefore be- 
comes a cataclysmic phenomenon. The 
resulting rapid slipping of one set of 
atomic planes over another will cause a 
general misalignment of atoms over the 
slip plane, thereby endowing the slip 
plane with an amorphous character. 

The early studies of the anelastic effects 
introduced by plastic deformation, pre- 
viously referred to, were made with com- 
paratively large stress amplitudes. These 
anelastic effects were first studied at low 
stress amplitudes at the Kaiser Wilhelm 


cance to the present discussion: (1) the 
room-temperature internal friction intro- 


‘duced by plastic deformation is partially 


removed by self-tempering at room temper- 
ature, and is completely removed by 
tempering at temperatures as low as 
200° to 300°C.; (2) the internal friction 
introduced by plastic deformation is nearly 
constant over a wide frequency band,** 
thereby indicating that the relaxation 
spectrum associated with the localized 
amorphous regions is nearly constant over 
a wide range of relaxation times. 

Prior studies upon the effect of plastic 
deformation on anelastic properties have 
been limited to cases where the deforma- 
tion was introduced by mechanical means; 
e.g., by stretching or by rolling. B. -C. 


Ward, of the Watertown Arsenal labora- 
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tory, has investigated the effect upon the 
anelasticity of steel of the plastic deforma- 
tion attending the formation of martensite. 
His results are reproduced in Fig. 6a and 
6b. The first figure illustrates the profound 
effect of heat-treatment upon anelasticity, 
the internal friction (Q-') of the freshly 
quenched specimen being 235 X 1075, that 
of the furnace-cooled specimen only 0.4 X 
10-5. These results are in striking dis- 
agreement with the recent work of From- 
mer and Murray,*® who reported that 
differences in heat-treatment of steel 
introduced at most differences of 50 per 
cent in the internal friction. Their speci- 
mens were not, however, hardenable, 
being low-alloy 0.40 per cent carbon steel 
in 3-in. rounds. This figure also illustrates 
the gradual decrease in the internal 
friction upon resting at room temperature, 
a decrease that has been frequently 
reported in the case of metals deformed 
by external forces. In Fig. 6b is shown the 
effect of annealing temperature, and of 
the temperature of measurement, upon 
the elastic after-effect of quenched steels. 
Upon comparing this figure with the 
work of West,!** it is seen that the 
anelasticity introduced by quenching 
responds to annealing and to the test 
temperature in precisely the same manner 
as that introduced by plastic deformation 
due to external forces. 


Grain Boundaries 


Since about 1912 the subject of amor- 
phous grain boundaries has been a topic of 
almost continual controversy. On the 
one hand, the evidence, as reviewed by 
Rosenhain*®.*! and by Jeffries and Archer, * 
is very convincing that the grain bound- 
aries behave as if they were amorphous. On 
the other hand, scientists have been 
reluctant to accept the concept of an 
amorphous phase. No controversy need 
arise once it is realized that it is not neces- 
sary for any portion of the metal to be 
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amorphous in order that the grain bound- 
aries may behave in a viscous manner. 
It is necessary to assume only that the 
resistance to slipping of one grain over 
an adjacent grain obeys the laws com- 
monly associated with amorphous ma- 
terials rather than the laws associated 
with crystalline materials. The surface 
atoms of one grain cannot fit into the 
lattice positions of an adjacent grain, 
the binding across the interface of two 
grains may therefore reasonably be ex- 
pected to have the characteristics as- 
sociated with amorphous materials. Since 
shearing stresses gradually relax across 
any viscous boundary, and since relative 
movement is hindered at the edges and 
corners of the grains, viscous grain bound- 
aries will behave as isolated relaxation 
centers. It is therefore pertinent to review 
here the various types of experimental 
evidence that point to the viscous behavior 
of such boundaries. 

The primary difference between the 
behavior of amorphous and of crystalline 
materials lies in the rapid increase in the 
resistance to deformation of the former 
with respect to an increase in velocity of 
deformation and with respect to a decrease 
in temperature, compared with the relative 
insensitivity of the resistance to deforma- 
tion of crystalline substances with respect 
to these variables. It is therefore to be 
expected that as the temperature is raised 
sufficiently, or as the rate of deformation 
is lowered sufficiently, the resistance to 
slipping across the grain boundaries will be 
so lowered with respect to the resistance 
to plastic deformation within the grains 
that effects will be observed that are 
attributable only to a slipping at the 
boundaries. Such effects were first ob- 


served by Rosenhain and Hunmfrey.* 
When specimens of copper are first polished 
and then slightly extended at an elevated 
temperature, they found that the grain 
boundaries become delineated by a relative 
displacement normal to the surface of 
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adjacent grains. Such delineation does 
not occur during extension at roam tem- 
perature. Hanson and Wheeler’? made a 
thorough study of grain-boundary move- 
ment in aluminum. Here considerable 
movement is observed at the boundaries 
when specimens are extended slowly at 
temperatures of 250°C. and above, but 
not when the specimens are extended 
rapidly an equivalent amount. Andrade 
and Chalmers*‘ found that a slight exten- 
of cadmium at room temperature 
results in a decrease in electrical resistivity, 
while a like extension at liquid-air tem- 
perature raises the resistivity. It looks as 


sion 


though at room temperature the grains 
rotate in such a manner as to bring the 
axis of low resistivity closer to the axis of 
tension, without appreciable plastic de- 
formation within the grains. Such a rota- 
tion could occur only by a slipping along 
the grain boundaries. As a final example 
of the viscous behavior of grain boundaries, 
the experiments of Moore, Betty and 
Dollins*® may be mentioned. They found 
that when specimens of lead are first 
polished, scratched with parallel straight 
lines, and then pulled several per cent at 
room temperature, the scratches remain 
straight and parallel within each grain, 
but assume different orientations in ad- 
jacent grains when the extension is slow, 
and maintain the same orientation when 
the extension is rapid. 

Anelastic effects have been 
that can be interpreted only in terms of 


observed 


relaxation of shear stress across the grain 
boundaries. The room-temperature stress- 
strain curve of certain low-melting-point 
metals (for instance, tin and zinc) have no 
linear portion. Dalby'*® has shown that the 
initial curvature jis associated with a 
marked delayed recovery following the 
instantaneous recovery upon release of 
load. The presence of such delayed recovery 
suggests that in these metals the initial 
curvature of the stress-strain curve was 
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due to a recoverable creep, which probably 
arises from stress relaxation across grain 
boundaries. In certain cases the initial 
portion of creep is completely recoverable. 
Such recovery, called by various authors 
creep recovery, delayed elasticity, or 
sub-permanent elasticity, is a special 
example of elastic after-effects. Johnson*® 
quotes a case in 0.17 per cent carbon steel 
where the creep induced at 475°C. by a 
stress of 4 tons per sq. in. for 12 min. was 
completely recovered. According to Chal- 
mers,‘7 the primary room-temperature 
creep is completely recoverable in tin 
specimens of small grain size but not in 
single crystals. In these cases it appears 
that primary creep was associated with 
stress relaxation at the grain boundaries. 
Jeffries and Archer‘? quote the case of a 
very fine-grained ternary eutectic, which 
manifests elastic after-effects to a marked 
degree, an effect they attribute to the 
very large amount of grain-boundary area 
and to stress relaxation across such 
boundaries. Such stress relaxation may 
be the origin of the anomalous behavior 
of the Cu-Al and Cu-Sn eutectoids found 
by Guillet and Portevin.4® When these 
alloys are quenched their measured elastic 
moduli are only about 60 per cent of those 
when slowly cooled. Anelasticity as mani- 
fested by internal friction varies with 
temperature and with grain size in a 
manner that can be interpreted only in 
terms of viscous grain boundaries.**-5 
The quasi-static modulus defect A, 
associated with grain-boundary relaxa- 
tion—i.e., the area beneath the relaxation 
spectrum associated with grain-boundary 
relaxation—cannot be evaluated exactly, 
but a fair estimate may be made. A com- 
putation has been made for the case of 
equiaxed grains of uniform size.*! The 
ratio of the completely relaxed Young’s 
modulus to the unrelaxed modulus is 
here a slowly varying function of Pois- 
son’s ratio o, increasing from o.5 to 0.75 
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as o covers its physically allowable range 
from o to o.5. Corresponding to this range 
of Poisson’s ratio, Ao will lie within the 
range from 1.0 to 0.33, having a value 
of 0.55 for a Poisson’s ratio of 144 common 
to many metals. Any deviation from 
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" , REGULARLY SHAPED 
GRAINS 


RELAXATION BY DIFFUSION 


Diffusion between Specimen and 
Surrounding Medium 


A complete description of a specimen 
undergoing strain cannot be given without 
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B. IRREGULARLY SHAPED 
GRAINS 


Fic. 7.—ILLUSTRATION OF EFFECT OF GRAIN SHAPE UPON AMOUNT OF STRESS RELAXATION. 
In example B stress relaxes across all the boundaries of case A, and in addition across new 


boundaries. 


regularity of structure or from uniformity 
in grain size will increase the total amount 
of stress that may be relaxed; i.e., will 
increase Ap, as may be seen in Fig. 7. 
Illustration A of this figure corresponds 
to a structure with regular grains of 
uniform grain size, while B corresponds to 
irregular grains. In the latter case, shear- 
ing stress is relaxed across the same 
boundaries as in the former, and also 
across new boundaries. 

The above-mentioned value of 0.55 for 
Ao should therefore be regarded only as the 
lower limiting value of Ao, as the structure 
tends toward uniformity in grain size and 
regularity in grain shape. 

No theoretical or experimental work 
has been given upon the shape of the 
relaxation spectrum associated with grain 
boundary relaxation. The position of the 
spectrum for a given material will depend 
upon both temperature and grain size, 
the relaxation time at the peak of the 
spectrum being proportional to the mean 
grain diameter. 


reference to the surrounding medium. Thus 
a specimen that is undergoing elastic 
extension suffers a drop in temperature, 
and therefore absorbs heat from the 
surrounding medium. Elastic extension 
likewise produces a change in the partial 
pressure of the individual constituents, 
so that if equilibrium with the surrounding 
medium is maintained, an exchange of 
particles between the specimen and the 
medium will take place. If the surrounding 
medium has a magnetic field parallel to 
the specimen, an elastic extension of a 
ferromagnetic specimen will change the 
magnetic flux density therein, which flux 
diffuses into, or from, the surrounding 
medium. The response of a specimen to an 
applied load therefore depends, to some 
extent, upon the degree to which the 
specimen remains in equilibrium with its 
surroundings. The precise manner in 
which this response is affected may be most 
readily obtained by regarding the estab- 
lishment of equilibrium as a relaxation, 
and then applying the concepts discussed 
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in the first part of this report. Here re- 
laxation may be regarded as caused by 
diffusion currents. Thus thermal relaxa- 
tion is caused by the flow of heat to or 
from the surrounding medium; magnetic 
relaxation is caused by the flow of mag- 
netic flux; concentration relaxation is 
caused by the flow of particles. 

A relaxation spectrum will be associated 
with each external parameter; i.e., with 
temperature, magnetic field strength and 
each partial pressure. The thermal relaxa- 
tion spectrum lies within relaxation times 
comparable to the time usually taken in 
making a measurement of the elastic modu- 
lus by quasi-static methods. In making 
precise measurements of the modulus by 
quasi-static methods particular care is there- 
fore taken®*.5* to attain complete thermal 
relaxation. Under such conditions the 
isothermal modulus is measured. On the 
other hand, the period of vibration used in 
making dynamic measurements of the 
modulus is very small compared with 
the position of the relaxation spectrum. The 
modulus so measured is therefore adiabatic. 
Thermal relaxation must also be taken 
into account in precise measurements on 
the initial part of creep curves.'** The 
magnetic relaxation spectrum lies in a 
range of comparatively short times. The 
vibrations of iron in a magnetic field may 
therefore be attended by a considerable 
dissipation of energy®* associated with 
partial but incomplete magnetic relaxation. 
The concentration relaxation spectrum 
lies, under the usual experimental condi- 
tions, in such a high range of relaxation 
times that strain may be considered as 
taking place under conditions of constant 
composition. 

The most important features of a re- 
laxation spectrum are its position and its 
total strength; i.e., the quasi-static modu- 
lus defect Ao. The relaxation spectrum is 
in the neighborhood of W?/D, where W is 
the transverse dimension, D the appropri- 
ate diffusion coefficient. In the particular 
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case of a specimen with circular cross sec- 
tion of radius r, the maximum of the 
relaxation spectrum occurs at®§ 


Tt = 2r?/D 


The total strength of the spectrum, Ao, 
is independent of the shape or dimensions 
of the cross section, and depends only on 
the material itself. It has previously been 
computed for the three cases of thermal, 
concentration®® and magnetic relaxation®’ 
for specimens under uniaxial stresses. A 
method of computation applicable to all 
three cases is outlined in appendix A. 

In the case of thermal relaxation, 


Ao = TE.a?/pC, [18] 


Here T is the absolute temperature, E, is 
the adiabatic Young’s modulus, @ is the 
linear thermal expansion coefficient, p is 
the density, and C, the specific heat at 
constant pressure. Table 1 gives the values 
of the thermal diffusion coefficient D and 
thermal relaxation strength Ao for the 
common metals. 


TABLE 1.—Thermal Relaxation Constants 
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In the case of magnetic relaxation, 


Ao = 4mEpyA? [19] 


Here Ez is Young’s modulus measured at 
constant magnetic flux density, wu, is the 
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reversible permeability, A is the magneto- 
striction coefficient defined by 

= de/dB [20] 


The magnetic relaxation strength of a 
ferromagnetic material depends greatly 
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equivalent to 30,000,000 Ib. per sq. in. 
gives 


Ao = 54¢(¢ — 1) 


For a 0.20 weight per cent carbon austenite 
this ratio is 2.5. The relaxed modulus is 
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4#— FREQUENGY (CYGLES/SEG) 
Fic. 8.— EXAMPLE OF INTERNAL FRICTION DUE TO TRANSVERSE THERMAL CURRENTS. (Afler Benne- 
witz and Rotger.**) 
Curve, theory; crosses, experiment. 


upon its magnetic hardness. The factors 
that influence it, as well as a summary of 
experimental work, have been discussed 
in detail by Becker and Doring.** Values as 
large as 0.4 have been observed in nickel 
specimens. 

In the case of concentration relaxation, 


Ao = (E~W/pRT)(6e/5c)%c(x — c) [21] 


Here c is the atomic concentration of the 
solute, p and W are the density and the 
atomic weight of the solvent, respectively, 
and E, refers to the unrelaxed elastic 
modulus. As an illustration of the large 
values Ap may attain, the example of car- 
bon in austenite will be cited. From the 
known variation of the austenite lattice 
parameter with carbon concentration,*® 
the value 0.30 is obtained for de/dc. Sub- 
stituting this value into Eq. 21, and taking 
E.. as 800,000 cal. per cu. in., which is 


therefore in this case only one third as 
large as the unrelaxed modulus. 


Intra-specimen Diffusion 


Thermal Diffusion—The various types 
of diffusion, thermal, magnetic and con- 
centration, need not necessarily take place 
between the specimen and the surrounding 
medium. The diffusion may be confined 
entirely within the specimen. The type of 
intra-specimen diffusion that has been 
most thoroughly investigated originates 
from thermoelastic coupling. The applica- 
tion of any stress system that is not homo- 
geneous throughout the specimen will 
result in an inhomogeneous change in 
temperature, and thermal 
currents. 

The stress inhomogeneity may be on 
either a macroscopic or a microscopic 
scale. The simplest case of a macroscopic 


therefore in 
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stress inhomogeneity occurs in bending. 
Here the material on one side of the neutral 
plane is subjected to tension, the material 
on the other half is subjected to compres- 
sion. If the specimen has either a circular 
or rectangular cross section, the thermal 
and concentration relaxation spectrum 
consists essentially of a single line at®.® 


_ ¢ (diameter)?/(4.329D) 
nila (trans. width)?/(3?D) 


respectively. The strength of the relaxa- 
tion spectrum is the same as for diffusion 
from specimen to surrounding medium. 

The experimental work®**.* on thermal 
relaxation in bending has confirmed the 
theoretical predictions in every respect. 
An example of the agreement between 
theory and experiment is shown in Fig. 8. 
In this figure the theoretical curve con- 
tains no adjustable parameters. 

Microscopic stress inhomogeneities arise 
from the elastic anisotropy and at least 
partial random orientation of the indi- 
vidual crystallites. As a stress is applied 
which is homogeneous on a macroscopic 
scale, the variation in stress from crystal- 
lite to crystallite will result in a like 
variation in temperature, magnetic field 
strength, and partial pressures of the 
individual constituents. The resulting ther- 
mal, magnetic flux or particle diffusion 
between adjacent grains endows a poly- 
crystalline specimen with anelastic proper- 
ties. The relaxation spectrum 
located at 


will be 


279} 
L+<] 


where d is the mean grain size. The relax- 
ation strength for this intergrain diffusion, 
Avn:-grainr Will be approximately equal to 
the relaxation strengths A» given by Eqs. 
18 to 21 multiplied by a factor R equal to 
the mean square fluctuation of the elastic 
modulus. Thus 


Aint. grain = Rdo 


[23] 


Values of R, defined by the formula 


(E-*) ave. ee (E-") _ 
(E-*) ave. 





R= 


have been computed for typical metals, 
and are given in Table 2. 

A thorough experimental investigation 
has been made of the thermal anelasticity 
arising from the fluctuation of stress from 
crystallite to crystallite. This anelasticity 
may be thought of as arising from the 
intercrystalline thermal currents that ac- 
company a change of macroscopic stress. 
The results®* on 70-30 alpha brass are pre- 
sented as Fig. 9. Since dimensional con- 
siderations show that the internal friction 
can be a function of the frequency of mea- 
surement f, of the mean grain diameter d, 
and of the diffusion coefficient D only 
through the parameter fd?/D, the observa- 
tions are plotted in this figure as a function 
of this parameter. Through a variation of 


TABLE 2.—Mean Square Fluctuation of 
Elastic Modulus 
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both frequency and grain size, an effective 
variation of frequency over six cycles of 
ro was thereby obtained. Not only is the 
position of the relaxation spectrum in 
agreement with Eq. 22, but also analysis 
of Fig. 9 shows that the relaxation strength 
is, within experimental error, given by 
Eq. 23 with the quantities Aj and R taken 
from Tables 1 and 2, respectively. 

Fig. 9 shows that the internal friction 
and therefore the relaxation spectrum, 
associated with intercrystalline diffusion is 
an asymmetrical function of the logarithm 
of r (or of f). This asymmetry is in marked 
contrast to the symmetry of the relaxation 
spectrum associated with macroscopic 
diffusion in bending, and may be interpreted 
as follows. Under nearly adiabatic condi- 
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tions—e.g., high frequencies or large grain 
size—diffusion is limited to the immediate 
vicinity of the grain boundaries. The in- 
ternal friction is therefore proportional 


mean square fluctuation in the elastic 
modulus, and therefore the relaxation 
spectrum associated with intercrystalline 
diffusion, differs greatly between different 
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FIG. 9.—EXAMPLE OF INTERNAL FRICTION DUE TO INTERCRYSTALLINE THERMAL CURRENTS. (After 
Randall, Rose and Zener.**) 


to the grain-boundary area, which in turn 
is inversely proportional to the grain size 
as measured, for example, by the mean 
grain diameter. From dimensional con- 
siderations, therefore, it may be deduced 
that 


{ O-* ~ (Disery 


Intercrystalline diffusion currents [24] 


in contrast to 


Q- ~ (D/fd?) 
Transverse diffusion currents for a single 
relaxation spectrum 


Eq. 24 has been verified by experiment.** 
It may be deduced, from general theoretical 
arguments, that the constant of propor- 
tionality in Eq. 24 is nearly RAo. Thus 
under nearly adiabatic conditions 


Q-! = aRAo(D/fd*)* [25] 
where a@ is a numerical constant of the 


order of magnitude of unity. 
From Table 2 it may be seen that the 


metals; in particular, that the relaxation 
strength of aluminum is an order of magni- 
tude less than for 70-30 alpha brass. 
Experiments® have in fact verified that 
the relaxation strength for intercrystalline 
diffusion in aluminum is less than one 
tenth that in 70-30 alpha brass. 
Concentration Diffusion—The relaxa- 
tion spectrum for concentration diffusion 
differs from that for thermal diffusion in 
two important respects. Firstly, the posi- 
tion of the relaxation spectrum associated 
with concentration diffusion is shifted 
with respect to that associated with the 
thermal diffusion many orders of magni- 
tude toward longer times. Thus the diffu- 
sion coefficient of carbon in gamma iron 
near the eutectoid temperature is 107’ 
times smaller than the thermal diffusion 
coefficient. A thermal relaxation that re- 
quires one second would therefore require 
one year for a corresponding relaxation of 
carbon concentration at this temperature. 
Secondly, the relaxation strength associ- 
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ated with concentration relaxation is 
several orders of magnitude higher than 
that associated with thermal relaxation. 
When therefore the period of observation 
extends over the appropriate range, the 
effects due to concentration relaxation 
would be more marked than those arising 
from thermal relaxation. The data neces- 
sary for the computation of the relaxation 
strengths and times in ferrous alloys are 
given in Table 3. 


TABLE 3.—Data for Concentration 














Relaxation 
} 
Diffusion 
Coefficient 
Solvent | Solute] S¢/3c | AS 
Q, Cal. | 4.5% 
- | Cm. 
| | — Sec. 
| 
SP secsuciécevcunt Sap 35.69 
Ni | 0.022@ 
Ww 0.1178 
Mo | 0.117 
Mn 0.00887! 
Cc 0.1172 
oh See ei 0.308 36,00075 0. 4975 
Mn 0.0287! 
N 0.547 34,0007§ 9.1175 
Cu (30 per cent Zn); Zn 0.0717* | 41,700"#\0.0020 





Since concentration and thermal diffu- 
sion both obey the same types of differen- 
tial equations and the same boundary 
conditions, the internal friction due to 
intercrystalline diffusion currents will be 
the same function of the dimensionless 
parameter (fd*/D) in the two cases, aside 
from a constant factor. The relaxation 
strength A» associated with concentration 
diffusion may be computed for 70-30 alpha 
brass from Eq. 20 as 0.50. Comparison of 
this value with the value 0.0036 for thermal 
diffusion from Table 1 shows that the 
internal friction associated with concen- 
tration diffusion is 140 times that due to 
thermal diffusion at the same values of 
fd*/D in alpha brass. However, the anelas- 
tic effects associated with the concentration 
relaxation between adjacent crystallites in 
70-30 alpha brass cannot be conveniently 


observed because of the very large values 
of the relaxation time. Since the relaxation 
time is proportional to D/d?, it might be 
thought that it could be brought into a 
convenient range by working at high tem- 
peratures and with small grain sizes. How- 
ever, the grain size increases so rapidly 
with increasing temperature that the 
relaxation time cannot be made smaller 
than 10° sec. at any temperature level. 

Because of the very small values of the 
concentration diffusion coefficient, the 
anelastic effects due to concentration 
diffusion are the more readily observable 
the shorter the distances over which the 
diffusion must occur. The short-wave- 
length periodic concentration fluctuations, 
predicted by Hume-Rothery” and first 
observed by Daniel and Lipson,”® are there- 
fore of particular importance, and so will 
be discussed in some detail. 


Hume-Rothery’*® discovered that the 


lattice type of alloys is determined pri- 
marily by the number of valence electrons 
per atom. Jones®.*! pointed out the 
significance of the number of free electrons 
per atom in terms of the modern theory 
of metals, and showed that the observa- 
tions of Hume-Rothery are in accordance 
with this theory. Fundamental to Jones’s 
theory is the function N(E), where N(E) dE 
is the number of electronic states per mol 
whose energies lie within the range dE at E. 
This function has irregularities of the 
type shown in Fig. roa. The concentration 
of zinc in alpha brass that is just suf- 
ficient to fill all the electronic levels com- 
pletely up to the peak of the N(Z) curve 
is about 40 per cent. Hume-Rothery has 
argued’? that these irregularities in the 
N(E) curve may give rise to a slightly 
irregular curve for free energy vs. con- 
centration, as in Fig. 10b. Phases with a 
concentration such that the free energy 
lies above a chord tangent at two points 
are unstable, and tend to separate into 
two phases having concentrations at 
the points of tangency; e.g., the con- 
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centrations C,; and C, in Fig. 10. These 
two phases will have the same lattice 
type, and will differ only in concentration 
and, to some extent, in lattice parameter. 
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Fic. 10.—EXAMPLE OF HOW A SOLID SOLU- 
TION OF TWO ELEMENTS OF DIFFERENT VAL- 
ENCES MAY SEPARATE INTO TWO PHASES. 
(After Hume-Rothery.*") 


An essential separation into two phases, 
therefore, may occur without a disturb- 
ance of the lattice positions simply through 
a periodic fluctuation in concentration. 
This manner of separation into two phases 
avoids the formation of an _ interface 
and therefore the difficulties inherent in 
nucleation. 

The detection through X-rays of a 
periodic fluctuation in concentration is 
more difficult than the detection of the 
presence of two distinct phases. It is 
possible that such fluctuations are of 
common occurrence but have remained 


undetected. One example has been ex- 
amined in detail by Daniel and Lipson.’® 
Several years ago the author®? found in a 
single crystal of alpha brass a character- 
istic type of anelasticity (Fig. 11), for 
which he could advance no explanation. 
This anelasticity could be represented 
by a single-line relaxation spectrum of 
strength 0.025, an order of magnitude 
higher than could be given by thermal 
diffusion. The relaxation time of this 
line had a heat of activation of 34,000 
cal. per mol, thus 


T rw et84,000/RT 


This value was sufficiently close to the 
heat of activation of the diffusion constant 
of zinc in copper (38,000 cal. per mol) to 
lead to the conclusion that the anelastic 
effects were due to the relaxation of zinc 
concentration, a relaxation that could 
occur only if the concentration had 
periodic fluctuations. 

Magnetic Flux Diffusion.—As previously 
mentioned, the magnetoelastic coupling 
in ferromagnetic materials gives rise to 
anelasticity. At large stress amplitudes 
this coupling gives rise to an essentially 
plastic behavior in that a specimen retains 
a permanent set after the stress is re- 
moved.** This essential plasticity is as- 
sociated with the hysteresis loop in the 
B-H curve. As Lord Raleigh* first pointed 
out, when the fluctuations in H approach 
zero, the hysteresis effects approach zero 
faster than the fluctuations in H. The 
essential plasticity caused by the magneto- 
elastic coupling, therefore, vanishes at 
sufficiently small stress amplitudes, leaving 
anelasticity as the only nonelastic effect. 

One origin of the anelasticity arising 
from the magnetoelastic coupling lies in 
the diffusion of magnetic flux density, a 
diffusion that necessarily is accompanied 
by electrical eddy currents. Such diffusion 
occurs even in completely unmagnetized 
specimens, since such specimens remain 
magnetized in small domains. An externally 
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applied stress changes the boundaries of _ relaxation strength Ao associated with the 
these domains, a change that involves relaxation of the magnetic domain bound- 
diffusion of magnetic flux. Changes in the aries. The change in elastic modulus with 
magnetic domain boundaries, and there- magnetic field strength was observed first 
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INTERNAL FRICTION OF ALPHA-BRASS SINGLE CRYSTAL, POSSIBLY QUE TO 
Fic. 11.—INTERNAL FRICTION OF ALPHA-BRASS SINGLE CRYSTAL, POSSIBLY DUE TO CONCENTRATION 
RELAXATION. (After Zener.*?) 


fore the anelasticity associated therewith, in 1901, and is known as the AE/E effect. 
may be eliminated by applying a strong The factors that control the magnitude of 
magnetic field. Such a magnetic field gives the AE/E effect have been thoroughly 


the domains a preferred orientation, and reviewed by Becker and Doring.** 
therefore effectively removes the domain 


boundaries. By comparing the quasi- Lattice Position 
static elastic modulus with and without 


In many cases the solute atoms are 
a strong magnetic field, one obtains the 


not distributed at random, but, as pointed 
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out by Tammann,®’ have a preferred 
distribution on certain sites. Such preferred 
distributions give rise to superlattices, 
first observed by Bain®* and recently 
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by some average of these two atomic 
concentrations. 

A strongly temperature-dependent type 
of anelasticity in steel was first observed 
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Fic. 12.—DAMPING CHARACTERISTICS OF STEEL TUNING FORKS. (After Woodruff.**) 
Ut, f = 128¢/s; SOI, f = 1920/s, Ute, f = 256c/s. 


reviewed by Barrett.*® If all the solute 
atoms are not at the preferred sites—i.e., 
if the order is only partial—and if a 
change in this number is accompanied by 
lattice strains, then conversely an applied 
stress will change the equilibrium number 
of ordered solute atoms. As has been 
observed by Gorksy,®” the resulting dif- 
fusion of the solute atoms into or out of 
the preferred sites will give rise to the same 
type of relaxation as caused by the dif- 
fusion phenomena previously discussed. 
The strength of the relaxation spectrum 
will be given by a formula similar to Eq. 20, 
with (6e/5c) replaced by (5¢/5c; — 5e/5c2), 
where ¢, and ¢z are the atomic concentra- 
tions on the preferred and nonpreferred 
sites, respectively, and with c replaced 


by Woodruff*! in 1899. The internal 
friction of Woodruff’s steel tuning forks 
had a sharp maximum in the neighbor- 
hood of 75°C., as illustrated in Fig. 12. 
The strongly temperature-dependent type 
of anelasticity was rediscovered several 
years later (1910) by Robin,*?-** who 
gave the label “‘aphonia” to the phe- 
nomena. Robin performed many interest- 
ing types of experiments upon aphonia. 
He found that it disappeared with a 
slight amount of deformation, but returned 
slowly upon aging at room temperature, 
more rapidly upon annealing at slightly 
elevated temperatures. Typical examples 
of his results are shown in Fig. 13. 

The strongly temperature-dependent 
type of anelasticity was again rediscovered 
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by Richter®®% in 1938. Richter worked 
with annealed carbonyl iron, and studied 
the anelasticity from the approach of 


elastic after-effects rather than internal 
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of the relaxation spectrum occurring at 
T=3 * 107 15¢9800/T [26] 


The second effect is a change in the 
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Fic. 13.—DURATION OF SOUND IN ANNEALED CARBON STEELS. (After Robin.®*) 
Frequency is 1800c/s. 


friction. From a single elastic after-effect 
curve, he was able to obtain the complete 
relaxation spectrum. By observing the 
elastic after-effect at various temperatures, 
he was able to find how the relaxation 
spectrum varies with temperature. His 
data are reproduced as Fig. 14. The relaxa- 
tion spectrum at —10°C. has been com- 
puted by applying Eq. 155 to these data, 
and is reproduced as Fig. 15. Also in this 
same figure is given the relaxation spectrum 
that Richter chose best to fit his data. 
From an analysis of his data at different 
temperatures Richter concluded that the 
temperature dependence of the relaxation 
spectrum could be represented as the super- 
position of two effects. The first effect is a 
horizontal shift of the spectrum, the peak 


magnitude of the relaxation spectrum, 
an increase of temperature being associated 
with a decrease in the magnitude of about 
0.3 per cent per degree C. From Richter’s 
formula for the relaxation time at the 
peak of the relaxation spectrum, may be 
obtained the relation between the fre- 
quency of vibration and the temperature 
at which the internal friction is a maximum. 
This relation is plotted in Fig. 16. Robin’s 
data reproduced in Fig. 13 are seen to 
be consistent with this relation. 

A key to an understanding of the 
strongly temperature-dependent type of 
anelasticity was given by Snoek®’ a year 
later. He found that by further purifying 
carbonyl iron through a high-temperature 
wet hydrogen treatment, all traces of 








176 ANELASTICITY OF METALS 














NAN 
A NaN 


WY \ 
VA 


. = 


\ 
N\A 











\ 


* a 
 -. 
pr 
a 











ELASTIC AFTER-EFFECT STRAIN 















































ot \ \ 
\ \ 4 
N 26° 
: 
; >) a ~ 
) Livi l l Liil ea Lit Lil eee iaaes 
: Oo 7 2 w r-/] 30 20 SOO Ms 
{ 
TIME 
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the strongly temperature-dependent type 
of anelasticity were removed. This an- 
elasticity returned, however, to nearly 
its full strength through the reintroduc- 
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The strongly temperature-dependent 
type of anelasticity is closely related to the 
magnetic after-effects first reported by 
Ewing*® in 1885. A thorough review of the 
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Fic. 16.—RELATION BETWEEN TEMPERATURE AT MAXIMUM INTERNAL FRICTION AND FREQUENCY 
OF VIBRATION. (After equation of Richter.**) 


tion of either 0.008 per cent of carbon 
or of 0.008 per cent of nitrogen. It must 
therefore be concluded that this an- 
elasticity is in some way related to the 
presence of small traces of carbon and/or 
nitrogen. Snoek’s experimental approach 
was through internal friction. His results 
are shown in Fig. 17. 


investigations upon the magnetic after- 
effect prior to 1939 has been given by 
Becker and Doring.*® The close relation 
between the mechanical and the magnetic 
effects were shown by Richter.**% The 
relaxation spectra for the two effects not 
only have the same shape but are located 


at the same relaxation times, and have 
‘ 
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identically the same temperature depend- 
ence. Snoek!® has shown that the mag- 
netic elastic after-effect is removed by a 
high-temperature wet hydrogen treatment, 
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different type, such as the diffusion of car- 
bon or of nitrogen. Richter®** has outruled 
the first possibility by showing that the 
introduction of a strong magnetic field 
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Fic. 17.—STRONGLY TEMPERATURE-DEPENDENT TYPE OF INTERNAL FRICTION IN CARBONYL IRON. 
(After Snoek.*") 
—Before removal of carbon and nitrogen. 
---After removal of carbon and nitrogen. 


and is reintroduced by slight traces of 
carbon or of nitrogen. From the foregoing 
statements, it is apparent that the mechan- 
ical and the elastic effects have a common 
origin. From the results previously dis- 
cussed it is not evident, however, whether 
this origin is of a purely magnetic nature, 
such as the irreversible movement of the 
magnetic domain boundaries caused by 
fixed restraints, or of a purely mechanical 
nature, such as the irreversible viscous 
flow in amorphous layers, or whether the 
origin of the irreversibility is of an entirely 


removes the magnetic after-effect, and also 
the temperature-independent type of me- 
chanical hysteresis discovered by Becker 
and Kornetzki,** without altering the 
strongly temperature-dependent type of 
anelasticity. Snoek!® has advanced a 


theory, and has presented experimental 
evidence in support thereof, that is based 
upon the third possibility. According to 
this theory, the concentration of both car- 
bon and nitrogen is greater at the boun- 
daries of the magnetic domains than in 
the interior of the grains, and therefore 
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the motion of such boundaries is attended 
by a diffusion of the carbon and nitrogen. 
According to this theory the magnitude 
of the anelastic effects would be propor- 
tional to the area of the magnetic domain 
boundaries, and could therefore be influ- 
enced by the state of magnetization. As 
previously mentioned, such an influence 
does not exist. 

Snoek 101,102,103 has recently advanced a 
new theory for the strongly temperature- 
dependent type of anelasticity, a theory 
that is consistent with all observations 
made to date, and that is fertile in sugges- 
tions for new experiments. According to 
this theory, the anelastic effects discussed 
are due to the tetragonality of the intersti- 
tial positions in the ferrite lattice, and to 
the consequent asymmetrical distortion 
suffered by the lattice surrounding each 
site when that site is occupied by a solute 
atom; e.g., by a carbon atom. Since each 
interstitial position may be one of three 
types, corresponding to the three lattice 
principal axes to which its tetragonal axis of 
symmetry may be parallel, the nature of 
the distortion varies from site to site. When 
the ferrite lattice is unstrained, the poten- 
tial energy of a carbon atom does not de- 
pend upon which type of interstitial site it 
occupies. The equilibrium distribution in 
this case corresponds to complete random- 
ness. When, on the other hand, the lattice 
is subjected to a tensile strain along one 
principal axis, the equilibrium distribution 
is no longer random. The resulting pre- 
ferred distribution of the carbon atoms re- 
sults in a relaxation of stress, and there- 
fore in the observed anelastic effects. 

It is shown in appendix B that these 
ideas lead to the following equation for the 
quasi-static modulus defect Ao associated 
with the preferential distribution of carbon 
atoms, provided the interaction between 
carbon atoms is neglected: 


As = = Xe [27] 
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where X, is the concentration of carbon in 
weight per cent. The temperature variation 
given by this equation agrees with the pre- 
viously mentioned observed variation of 
0.3 per cent per degree C. in measurements 
made near room temperature. The Apo ob- 
served by Richter in his experiments upon 
carbonyl wire, reproduced in Fig. 9, was 
0.010. This value, when substituted into 
Eq. 27, gives for the carbon concentration 
the value 0.005 wt. per cent, a reasonable 
value. The heat of activation of 19,600 cal. 
per mol observed by Richter must be in- 
terpreted as the heat of activation of the 
carbon atoms in passing from one inter- 
stitial site to an adjacent site. This must 
then be the heat of activation for the diffu- 
sion of carbon in ferrite, a quantity that 
has not as yet been measured directly. The 
value 19,600 cal. per mol is not much more 
than one half the value of the heat of acti- 
vation for the diffusion of carbon in austen- 
ite. Since there are three times as many 
interstitial positions in ferrite as in austen- 
ite, they must be closer together in the 
former type of lattice than in the latter, 
and it is therefore reasonable to expect 
that the heat of activation for diffusion 
of interstitial atoms should be consider- 
ably less in the former than in the latter 
type of lattice. A final check upon the 
theory may be made in the order of magni- 
tude of the numerical coefficient in Eq. 26. 
The peak of the relaxation spectrum should 
occur at at comparable to the mean life- 
time of a carbon atom in an interstitial 
position. This lifetime in turn is given 
approximately by 
Tm eWRT/f [28] 
where f is the frequency of vibration of the 
carbon atoms in the interstitial positions. 
Upon comparing Eqs. 26 and 28, one 
obtains 
f = 1.0 X 10" sec"! 

which is a reasonable value. 

In the derivation of Eq. 27 it was as- 
sumed that interaction between carbon 
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atoms could be neglected. The author! 
has recently shown that it is just this 
interaction that renders the tetragonal 
structure of martensite stable with respect 




















in reaching an understanding of the me- 
chanical behavior of metals. A_ typical 
relaxation spectrum is reproduced in 
Fig. 18. Each change in a specimen, 
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RELAXATION TIME (IN SECONDS) 
Fic. 18.—TYPICAL RELAXATION SPECTRUM OF IRON (ROOM-TEMPERATURE, MAGNETIC EFFECTS 
NOT REPRESENTED) 
A. Relaxation by intercrystalline thermal diffusion (After Randall, Rose and Zener®*). 
B. Relaxation by transverse thermal diffusion in bending.*°-®?+® 
C. Relaxation by diffusion of carbon and nitrogen to and from preferred interstitial positions 


(After Richter**). 


D. Relaxation by viscous flow in amorphous regions introduced by plastic deformation, 
following 5-hour anneal at 300°C. (After West'**). 
E. Relaxation by viscous flow along grain boundaries (After West'**). 


to a cubic structure as long as the carbon 
concentration in solid solution remains 
above a certain critical value for every 
temperature, or as long as for every carbon 
concentration in solid solution the tem- 
perature remains below a critical value. 
When this interaction is taken into account, 
it is found that Eq. 27 is valid only when 
T/T. > 1. Otherwise, Ao is considerably 
larger than is given by this equation. The 
details are given in appendix B. 


POTENTIAL IMPORTANCE OF 
ANELASTICITY 


Just as X-ray diffraction spectra of 
metals have been of invaluable aid in 
determining the spatial relations of the con- 
stituent atoms, so it is anticipated that 
relaxation spectra will be of invaluable aid 


whether the change be in dimensions, in 
composition, in grain size, in plastic de- 
formation, in annealing, or in temperature, 
is reflected by a characteristic change in 
the relaxation spectrum. Through an 
appropriate observation and interpretation 
of these changes, an insight may be gained 
into the mechanical properties of the indi- 
vidual elements of the microstructure, an 
insight that is obtainable in no other man- 
ner. Strangely enough, the first two peaks, 
which are due to thermal relaxation and 
which have little or no relation to the plas- 
tic or fracture behavior, have been ex- 
haustively studied, while the last two 
peaks, which are much stronger, and 
which have an intimate relation to the 
plastic and fracture properties, have re- 
ceived scarcely any attention prior to that 
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of West.!*4 In the following pages, a review 
is given of the potential importance of the 
relaxations represented by these two 
peaks, in the hope that further research 
upon them will thereby be stimulated. 


RELATION OF FRACTURE TO RELAXATION 


The observed fracture stress of metals 
is from 10 to 100 times smaller than the 
calculated fracture stress. In order to 
reconcile this discrepancy, it is necessary 
to assume some sort of stress concentra- 
tion. One is tempted to place the blame 
upon surface imperfections, which could 
act as stress raisers. Such in fact seems to 
be the case in rock salt, where by taking 
extreme care in avoiding surface imper- 
fections (by continually dissolving away 
the surface) Joffe’®® has found that the 
fracture stress may be raised to near its 
theoretical value. The low fracture stress 
of metals cannot be attributed to surface 
defects, for, once necking has commenced, 
fracture starts at the center of the speci- 
men. The microstructure of the metal it- 
self, therefore, must be blamed for the low 
fracture stress. 

It has been possible to interpret many 
fracture phenomena!®* in terms of small 
microcracks, which are assumed to be 
present. However, in order that 
cracks may propagate under a given 
macroscopic stress, their radii must exceed 
a certain critical value.!'® There has 
heretofore been no explanation as to how 
such cracks can grow to the critical size. 
There must exist some source of high 
stress concentration other than the cracks 
themselves. 

Relaxation of shear stress across local- 
ized planes is able to provide all the stress 
concentration needed for the 


such 


initiation 


of microcracks. A localized region that 
completely relaxes all shearing stresses 
will induce in the surrounding elastic 
matrix essentially the same stress pattern 
as would a cavity of the same shape. 
stress 


The factors that influence the 
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concentration of cavities were first in- 
vestigated by Inglis.'*® According to his 
work, if a disklike cavity of radius a 
has a radius of curvature r at its edge, and 
if it lies in the plane of maximum shear 
stress S, the maximum tensile stress at 
the edge is 2(a/r)”?S. Since the relaxation 
regions in metals have a thickness com- 
parable to atomic dimensions, the radius 
of curvature will also be of atomic dimen- 
sions. The length of the relaxation regions 


. need therefore be only to—‘ cm. in order to 


induce stress-concentration factors of the 
order of magnitude of 100, factors that are 
sufficient to raise the observed macroscopic 
fracture stress to the theoretical fracture 
stress of the matrix. 

One source of stress concentration that 
may initiate cracks lies in the relaxation 
of stress across grain boundaries. Such a 
source will be operative under conditions 
where the resistance to deformation at 
the grain boundaries is low with respect 
to resistance to deformation within the 
grains; that is, slow extensions at elevated 
temperatures. It is to be expected, there- 
fore, that the initiation of cracks by 
grain-boundary relaxation will be prevalent 
under creep conditions. The role played 
by the viscosity of grain boundaries in 
the initiation of cracks under creep con- 
ditions was first recognized by Rosenhain 
and Humfrey'** in their work upon the 
deformation of gamma iron at high tem- 
peratures. When pulled under the usual 
test conditions, this iron manifested fair 
ductility and fractured in a fibrous manner. 
When extended very slowly at the same 
temperature, the iron fractured in an inter- 
crystalline manner, with hardly any prior 
plastic deformation. The occurrence of 
this type of intercrystalline failure in a 
wide range of metals was later discussed 
by Rosenhain and Archbutt,'** who dem- 
onstrated that such failure is facilitated 
by small plane grain boundaries, grain 
boundaries that could slip without me- 
chanical hindrance. Season cracking in 
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brass was ascribed by them to be as- 
sociated with grain-boundary slip. More 
recently Hanson and Wheeler!’ have made 
a detailed study of the role grain bound- 
aries play in the fracture of aluminum 
under creep conditions. Hanson and 
Wheeler found that at elevated tem- 
peratures cracks invariably started at 
the grain boundaries under slow extension, 
and propagated into the grains only just 
before fracture, when the rate of extension 
was large. In single crystals failure oc- 
curred by shear along slip planes rather 
than by cracks. As spectacular evidence of 
crack formation at the grain boundaries, 
they showed that under creep conditions 
the density of polycrystalline specimens 
decreased appreciably, while that of single 
crystals remained constant. As pointed 
out by Carpenter and Robertson,!* the 
elements that increase the resistance of 
metals to creep do not necessarily increase 
the resistance of the grain boundaries 
to slip by a like amount. In the develop- 
ment of high-temperature alloys, atten- 
tion must therefore be directed toward 
resistance to fracture as well as to resist- 
ance to deformation at high temperatures. 

Another source of stress concentration 
that may initiate cracks lies in the relaxa- 
tion of stress across the amorphous regions 
introduced by plastic deformation. Since 
the stress concentration in the surrounding 
elastic matrix arises solely as the result 
of stress relaxation within the viscous 
regions, it is to be expected that conditions 
of stressing that hinder such relaxation 
will reduce the stress concentration and 
thereby raise the observed fracture stress. 
This is indeed the case. The stress relaxa- 
tion that has occurred before a given 
macroscopic stress level has been reached 
may be reduced either by a lowering of 
the temperature or by an increase in the 
rate of strain. Both of these changes, a 
decrease of temperature and an increase in 
strain rate, have been found by Hollomon 
and Zener! to raise the fracture stress 


at a given strain. A similar effect of strain 
rate upon the fracture stress of glass has 
been reported by Haward.' Conversely, 
conditions that favor relaxation will in- 
crease the stress concentrations and thereby 
lower the observed fracture stress. Thus 
when a constant macroscopic stress is 
applied to a specimen, the increase in 
localized stress concentrations attending 
relaxation will result in a lowering of 
the fracture stress. If the asymptotic value 
of this fracture stress is lower than the 
applied macroscopic stress, fracture will 
eventually ensue. Familiar examples of 
such fracture occur in the cracking of 
quenched specimens some time after 
room temperature has been reached.1!!-1!? 
According to Howe,'!* “‘In the early days 
of making armor-piercing shells, spon- 
taneous and violent aging rupture was so 
common that shells, after hardening, used 
to be stored for a considerable time in a 
room to which nobody was admitted.” 
This discussion suggests that this cracking 
following a quench would be delayed if 
the specimens were maintained at a low 
temperature, and would be accelerated by 
mild heating (to 100°C.). A spectacular 
example of the effect of temperature upon 
the acceleration of cracking at elevated 
temperature has been observed by the 
author in projectiles. Under appropriate 
conditions an uncapped projectile will 
pass through armor at normal incidence 
with a slight bulge. Though recovered 
intact, the tip of the projectile is apt to 
fly off (Fig. 19). Placing recovered pro- 
jectiles in boiling water hastens the flying 
off of the tips; placing them in ice water 
seems to delay the flying off for an indef- 
inite period. Presumably the plastic de- 
formation of the projectile leaves the 
central portion of the ogive in tension, 
and the macroscopic fracture stress of 
the material gradually decreases below 
this tensile stress because of the stress 
relaxation in the localized amorphous 
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previously the 


centers 
deformation. 

In glass, likewise, local high stress con- 
centrations appear to be generated, and 


introduced by 





hence the fracture stress to be lowered, by 
the application of stresses for a prolonged 
period. As an example, Griffith!’ has 
shown that the fracture stress of freshly 
drawn glass fibers decreases with time. 
This decrease is more rapid the larger the 
wires, decreasing from 900,000 to 80,000 
lb. per sq. in. for fibers of 0.02 in. diameter, 
to 500,000 Ib. per sq. in. for fibers of 
0.00013 in. diameter. Presumably the 
larger diameter fibers had the greatest 
residual stresses introduced by cooling. 
The well-known tendency of glass to crack 
spontaneously may be the result of the 
building up of local high stress concentra- 
tions by residual stresses. 

Steels in the as-quenched hardness are 
usually brittle when this hardness lies 
above 60RC. In his work!" upon projectile 
steels at the Watertown Arsenal labora- 
tory, Van Winkle has found one steel that 
in the as-quenched condition (61-62RC) 
is brittle, but that acquires considerable 
ductility without the loss of any hardness 
upon tempering for 5 min. at 250°C. This 
tempering in fact increases the bend 
strength by 100 per cent. It does not seem 
possible that such tempering could heal 
any microscopic cracks. Such tempering 
could however either relieve residual 


stresses or recrystallize the amorphous 
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regions. From the observation that the rise 


in bend strength occurs in the same tem- 
perature range as the disappearance of 
the internal friction introduced by plastic 


a ee 


FIG. 19.—EXAMPLE OF TIP OF PROJECTILE THAT HAS BEEN EJECTED AFTER RECOVERY OF PROJECTILE. 


deformation, it would appear that in this 
steel the rise in bend strength, and hence 
in fracture stress, was associated with the 
recrystallization of the amorphous regions. 

Removal of the amorphous regions by 
low-temperature annealing should con- 
siderably raise the fracture stress. Recent 
experiments!!® in this laboratory indicate 
that this is indeed the case. 


STRESS RELAXATION 


In some cases locked-in, or residual, 
stresses, are desirable features of a struc- 
ture—always, for example, wherever mem- 
bers are held together by bolts. These 
structures cannot function properly for ex- 
tended periods of time at elevated tempera- 
tures, for under such conditions the stresses 
relax to a small fraction of their original 
value. In other cases, residual stresses are 
undesirable—always when parts are to be 
machined, for when a portion of the ma- 
terial is removed the stresses become un- 
balanced, and the part warps. In these 
cases it is a usual practice partially to relax 
the residual stresses by extended holding 
at elevated temperatures. 

The practical importance of stress re- 
laxation has furnished the incentive for a 
great amount of work, which has been 
published in numerous articles during the 
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past decade. In order to reduce the amount 
of work necessary to obtain the desired 
results, several attempts have been made 
to deduce stress relaxation properties from 
creep curves. However, as Davenport!!® 
has stated emphatically, there is no method 
by logic alone by which available data on 
creep, obtained in constant stress tests, 
may be applied to a problem of varying 
stress; i.e., to stress relaxation. 

It is commonly accepted that stress 
relaxation occurs by means of plastic de- 
formation. As demonstrated by West,!*4 
the major part of locked-in stresses may 


be relaxed by viscous flow in localized ~ 


relaxation centers. Such a relaxation can- 
not be thought of as plastic deformation, 
since it is completely reversible. It is ap- 
parent therefore that the only direct 
approach to the problem of the control of 
stress relaxation is through a study of 
relaxation centers, and of the factors that 
influence them. 


CREEP 


At elevated temperature, all metals 
suffer a continual change in shape under 
a constant applied stress. This continued 
deformation, known as creep, has been 


ELONGATION 











Time 


Fic. 20.—-SCHEMATIC ILLUSTRATION OF TYPICAL 
CREEP CURVE. 


the subject of an immense amount of work 
during the past 20 years. 

A property common to all creep curves 
(elongation vs. time) is an initial rapid 
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rise followed by a gradually decreasing 
slope, as illustrated in Fig. 20. Such curves 
frequently are represented as the super- 
position of two curves—a primary creep 
curve, which approaches a_ horizontal 
asymptote, and a secondary creep curve, 
which has a constant slope. In structures 
in- which considerable deformation is 
allowed in service, the secondary creep is 
of dominant importance; for example, in 
lead pipes. On the other hand, in structures 
where the allowable deformation is com- 
parable to the elastic deformation, the 
primary creep is of dominant importance. 
Such is the case wherever tolerances are 
close, as in turbine blades. 

As demonstrated by Johnson,‘* the 
major portion of the primary creep 
frequently is recoverable. This is true par- 
ticularly at the lower stress levels. Recover- 
able creep must arise through stress relax- 
ation within isolated relaxation centers. 
It is therefore apparent that the only direct 
approach to the problem of creep in struc- 
tures with close tolerances is through a 
study of relaxation centers, and of the fac- 
tors that influence them. 


DIMENSIONAL CHANGES 
UNDER ZERO STRESS 


In fine instruments difficulties fre- 
quently are encountered through slight 
changes in dimensions following fabrica- 


tion. Sometimes expensive aging treat- 


ments are necessary in order to eliminate 
these changes; for example, with watch 
springs,!7.118 for which aging treatments of 
more than a year may be employed. In 
view of the work of West upon the relax- 
ation centers introduced by plastic de- 
formation,'!*4 there can be little doubt that 
such changes in dimensions as are men- 
tioned above are due to stress relaxation 
within these centers. It is apparent there- 
fore that the only direct approach to the 
problem of controlling such dimensional 
changes is through a study of the relaxation 
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centers introduced by plastic deformation, 
and of the influence of annealing thereon. 


APPENDIX A 


In this appendix is outlined a method for 
the computation of the relaxation strengths 
applicable to thermal, concentration and 
magnetic relaxation. 

According to whether thermal, concen- 
tration or magnetic relaxation is being 
considered, the symbol A will refer to 
temperature, partial pressure, or magnetic 
field strength, the symbol @ will refer to 
entropy, the partial gaseous volume of the 
constituent in a unit volume of solid, or 
(magnetic flux density)/47r. The notation 
is summarized as follows: 











Type of Re- | Concen- a 
laxation | Thermal tration Magneti 
mS aes 
A | 1 P H 
a S V B/4n 





If only one type of relaxation is considered, 
the tensile stress X and the parameter A 
may be taken as the independent variables, 
the tensile strain e and a@ as the dependent 
variables. Thus © 


de = Eg''dX +2XdA [a- 


I 
da = \dX +ydA [a-2° 


The equality of the two cross coefficients 
is due to the fact that the definition of 
alpha was so chosen that the increment of 
internal energy density is 


6U = Xde+ ZA da 


The equality therefore is derivable from 
the condition that 6(U — Aa) be a perfect 
differential. 

From Eqs. a-1 and a-2, it follows that 


(5e/8X)a — (b¢/8X)@ = Ea-' — E-- 


> II 
= 


and therefore 


= He F4 Ep [os] 


Ao 


Eqs. 18 to 21 are derivable directly from 
Eq. a-3. 


APPENDIX B 


In this appendix the computation is 
given of the quasi-static modulus defect 
Ao associated with changes in the equi- 
librium distribution of carbon atoms among 
the interstitial positions in ferrite. 

Suppose a stress do is applied along a 
(100) axis of the ferrite lattice. The in- 
stantaneous strain will then be Ejoo~'ée. 
As time goes on, an additional strain will 
gradually take place, which arises from an 
increase in the number of carbon atoms 
occupying interstitial positions whose te- 
tragonal axes are parallel to the tensile 
axis. Let 6N, denote the final increase 
in the number of such carbon atoms per 
unit volume, and let A denote the tensile 
strain occasioned by the increase of one 
such carbon atom per unit volume. The 
strain introduced by this redistribution 
of carbon atoms, which will be denoted 
by 6er, is therefore \}6N,. The quasi-static 
modulus defect may be written as der/de;, 
hence 

Ao = EywAON,/00) [b-1] 

From appendix C of a recent article,'®* 
the following equation may be derived 
in the case where 6N, is only a small 
fraction of the total number of dissolved 
carbon atoms: 

ON,/d0 = (26) (NA/RT) 

(1 —0.92T./T)— [b-2] 
Here T. is the critical temperature below 
which most of the carbon atoms are in 
preferred interstitial positions, and is 
given in terms of the weight per cent X, of 
carbon by the equation 


T. = 1330X- °K 
Eq. 27 of the text is obtained by sub- 
stituting Eq. b-2 into Eq. 6-1, averaging 
over all orientations (which introduces a 
factor of approximately 44), and utilizing 
the following equation from reference 104: 


T. = 0.243N E,oA?/k 
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SUMMARY 


Anelasticity is defined as that property 
of solids in virtue of which stress and strain 
are not uniquely related in the elastic 
range. Examples of anelastic effects are: 
elastic after-effects, internal friction, and 
the frequency variation of the elastic 
moduli. A review is given of the mathe- 
matical formulation of anelasticity accord- 
ing to the fundamental ideas of Boltzmann 
as interpreted in terms of stress relaxation 
by Thomson and Wiechert. 

A review is given of the various physical 
origins of anelasticity; i.e., of stress relaxa- 
tion. One common source of anelasticity is 
diffusion: thermal diffusion, atomic dif- 
fusion, magnetic diffusion. Several hereto- 
fore unexplained types of anelasticity 
are herein interpreted in terms of atomic 
diffusion. As examples: the existence of a 
temperature band around 400°C. within 
which the internal friction of alpha brass 
is anomalously high implies that in alpha 
brass the zinc concentration suffers a 
periodic fluctuation; the existence of a 
temperature band around 100°C. within 
which the internal friction of mild steel 
is anomalously high implies that an 
applied stress causes a preferential dis- 
tribution of dissolved carbon or nitrogen 
atoms among the various types of te- 
tragonal interstitial positions. Through 
such anelastic studies information may be 
obtained regarding atomic distributions, 
which can be obtained in no other manner. 

Another common source of anelasticity 
lies in the relaxation of shear stress across 
localized regions that behave in a viscous 
manner with respect to shear stresses, 
and that are surrounded by an elastic 
matrix. Grain boundaries and freshly 


formed slip bands are examples of such 
regions. The most direct approach to a 
study of shear stress relaxation along 
slip bands and along grain boundaries by 
viscous flow is through anelasticity. A 
discussion is given of the practical im- 
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portance of such stress relaxation. It is 
shown that such stress relaxation plays 
a dominant role in stress relief, in primary 
creep, and in small dimensional changes at 
room temperature. More important, such 
stress relaxation is intimately related to 
fracture. Stress relaxation within slip 
bands at room temperature leads to the 
initiation of microcracks, which ultimately 
lead to macroscopic fracture. Relaxation 
of shear stress across grain boundaries 
under creep conditions likewise leads to 
the initiation of microcracks, which ul- 
timately cause macroscopic fracture. 
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DISCUSSION 
(C. S. Barrett presiding) 


M. G. Corson.*—I cannot call the presenta- 
tion of the skeleton of a few generalized 
equations that cannot be converted into ‘a live 


* Consulting Chemical and Metallurgical 
Engineer, New York, N. Y. 
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body (because of the lack of or even the possi- 
bility of producing the proper figures), a 
scientific contribution. 

Zener’s third paragraph on the first page 
appears to promise too much: “‘Through such 
an understanding will come the ability to design 
microstructure to give the desired mechanical 
properties.” Some years ago an enthusiast of 
the X-ray methods exclaimed: ‘‘ Nowadays the 
X-ray physicist can tell the metallurgist which 
elements to take, in which proportions, and 
how to treat them in order to get the desired 
physical and chemical properties.” Both state- 
ments obviously have the same value. 

The ideas of Boltzmann, J. J. Thomson, 
Wiechert, Meyer, Voigt, are not valid today. 
Those were the ideas of pure mathematicians 
who dealt with a continuum instead of dealing 
with matter formed of grains and atoms. For 
that very reason their formulas and equations 
are phantoms having no definite physical 
meaning. 

Far closer to the truth (as I see it) are the 
ideas of Maxwell et al., who thought that a 
strictly elastic matrix might enclose here and 
there regions devoid of perfect elasticity. The 
error of that idea lies in the hypothesis of iso- 
lated regions of an obviously accidental origin. 
I suggest that such regions are connected with 
every atom. So, the atom as conceived by Bohr 
might be much larger than a mere point in 
comparison with the interatomic distances, and 
the regions of the outer electrons might cor- 
respond to the “‘perfectly” elastic part of the 
total space, while the regions between the outer 
electrons of the adjacent atoms might cor- 
respond to the viscous, imperfectly elastic, part 
of that space. Or, in the theory which I am 
building now, and which assumes that the 
atoms are in true contact within the lattice of 
the grain, the “‘viscous part”’ is the heat shell 
surrounding each atom. In soft metals that heat 
shell is very large, therefore their elastic defor- 
mations are rather complicated. In the harder 
metals it is small and the elasticity nearly 
perfect (as in molybdenum and tungsten, for 
instance). I am restricting my remarks, because 
I expect to present a paper soon giving my 
concept of the elasticity and its complications. 
However, I shall say a few words regarding the 
subject of the “grain boundaries.” 

I am a thorough opponent of the very idea 
of the existence of amorphous substances. The 
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‘‘amorphism” is simply the result of large 
variations in atomic or molecular sizes causing 
the impossibility of the development of a 
geometrically uniform lattice. In the specific 
cases of metals where an individual grain of 
0.002 mm. in diameter is close to the bottom- 
notch size attainable, the diameter of the grain 
carries some six to ten thousand atoms while 
the grain boundary is certainly far thinner. A 
very slight distortion of the lattice (or, in my 
concept, of the atoms) near the grain boundary, 
plus a slowly decreasing distortion of it toward 
the center of the grain, would be quite sufficient 
to bring the circumferential atoms of the ad- 
jacent grains into a complete proximity, so 
entirely eliminating the need for either an 
amorphous layer or a void between neighboring 
grains. 

The stress at the boundaries might be either 
a tension or a pressure stress, and as a conse- 
quence the boundary might be either weaker or 
stronger than the grain. That is why some 
metals and alloys tend to break through the 
grain while in others the fracture follows prefer- 
entially the grain boundaries. 

Finally, I wonder why Dr. Zener chose to 
present such a cramped and excessively abbre- 
viated discussion of so many subjects. For 
instance, he presents Eq. 18 for the modular 
defect in a thermal relaxation. Shall we as 
metallurgists accept such formulas as a kind 
of gospel, or might we be permitted to ask for 
their logical derivation? 


T. A. Reap.*—Dr. Zener is to be congratu- 
lated for surveying in such a clear and compre- 
hensive manner the field of the anelasticity of 
metals. This paper undoubtedly will be a 
stimulus to further work in this field. 

One of the sources of anelasticity discussed 
by the author is the possible change, under 
stress, of the degree of order in substitutional 
solid solutions. An example of experimental 
data that might be interpreted in this way is 
furnished by the work of W. Késter,!*? who 
found anomalies in the internal friction of beta 
brass at temperatures near the critical tempera- 
ture for ordering. - 

The periodic concentration fluctuations in 


* Frankford Arsenal, Philadelphia, Pennsyl- 
vania. 
127 W. Koster: Ztsch. Elektrochemie (1939) 
45, 31-32. 


solid solutions predicted by Hume-Rothery are 
also discussed by the author as a source of 
anelasticity. The discussion, based on Fig. 10, 
of the way in which such fluctuations might 
arise, does not, however, appear to be valid. 
The existence of a chord tangent to the curve 
for free energy vs. concentration at two points, 
such as C; and C; shown in Fig. 10), is possible 
only if the slope of this curve decreases with 
increasing concentration in part of the interval 
between C; and C2. Such a decrease in slope 
does not follow, however, from irregularities in 
the N(E) curve of the sort shown in Fig. roa, 
since the slope of the free-energy curve is 
proportional to the energy of the added elec- 
trons and, as shown in Fig. 10a, this energy 
never decreases as more electrons are added. 
It appears, therefore, that a successful theo- 
retical-demonstration of the possibility of peri- 
odic concentration fluctuations must involve 
other considerations than those presented by 
the author. 


A. Sxapsxi.*—I should like to say a few 
words from the general standpoint of physical 
chemistry. What I am surprised by is the gen- 
eral line of Mr. Corson’s criticism. From what 
he said, it may appear that the development of 
science went successively through three meth- 
ods of theoretical approach: (1) the thermody- 
namical one, assuming the continuity of the 
system considered; (2) the kinetic one, visual- 
izing the molecules and atoms and their move- 
ments; (3) the atomistic one, revealing the 
structure of the atoms themselves—each of 
them substituting and canceling some assump- 
tions of the former cnes. This is certainly a 
misapprehension of the development of science. 

There are, indeed, three different lines of 
theoretical approach in treating a problem, but 
it is essential to emphasize that these three 
points of view do not exclude each other. On the 
contrary, they help each other. It is therefore 
unscientific to say that we cannot, at pres- 
ent, treat problems in the way Gibbs or Boltz- 
mann did, because what they had assumed 
(e.g., the continuity of a system) is no longer 
true. I shall cite one single example only; 
namely, that of the relation between heat 
capacity of solid elements and temperature, as 
solved by Debye. He starts from the assump- 
tion that the solid is a continuum, substitutes 


* University of Chicago, Chicago, Illinois. 
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a system of standing waves for that of oscillat- 
ing atoms and, notwithstanding this strange 
assumption, he gives a very fine and precise 
solution of the problem in agreement with 
experimental facts. 

Speaking from a general point of view, I do 
not think Mr. Corson’s objections can be 
treated seriously. 


C. S. BARREett.*—Under the heading Slip 
Bands, Dr. Zener emphasizes the marked re- 
duction in internal friction that accompanies 
stress-relief annealing at very low temperatures. 
It would be interesting to learn more about the 
structural changes associated with this process. 
One rather direct experimental approach to the 
problem is to study the slip bands by the 
X-ray diffraction micrograph technique!** which 
records the distribution of X-ray reflecting 
power over the surface of a grain on a micro- 
scopic scale. Experiments thus far with this 
method have not disclosed any structural 
changes during annealing below recrystalliza- 
tion temperatures; the enhanced reflecting 
power of the slip lines seems to be retained 
throughout stress-relief annealing. This indi- 
cates that such annealing does not cause the 
strained metal at the slipped surfaces to be 
absorbed by the surrounding crystal in such a 
way as to produce a perfect crystal. Crystal 
imperfection remains, either in the form of 
elastic strains or of disoriented fragments along 
the slipped surfaces, regardless of changes in 
internal friction. 


C. ZENER (author’s reply).—Mr. Corson’s 
first remarks arise from a difference in approach 
to the physical world from that of the author. 
Apparently he dislikes ariy formal description 


* Metals Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh, Pennsyl- 
vania. 
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of a phenomenon that is not derived from 
atomistic considerations, although the descrip- 
tion may be derived from a few simple and 
reasonablé assumptions. He even goes so far 
as to call those who formulate such descriptions 
pure mathematicians. Even Boltzmann, one 
of the world’s greatest physicists, he has labeled 
a pure mathematician. 

An atomistic description is always desirable. 
Frequently, however, such considerations do 
not lead to a quantitative description of the 
observed phenomena; then a more formal ap- 
proach’ is necessary. The mechanical behavior 
of grain boundaries is a case in point. Many 
phenomena receive a ready interpretation if we 
ascribe to these boundaries certain macroscopic 
concepts; to wit, viscosity. It is to be hoped, of 
course, that some day the coefficient of vis- 
cosity may be computed from purely atomistic 
considerations, but until that day we shall find 
it useful to continue to use the formal concept 
of viscous grain boundaries. As Mr. Corson 
says, no reference to derivation of Eq. 18 was 
given. This derivation is found in Voigt’s 
Lehrbuch der Kristallphysik (1910) 788. 

The author thanks Dr. Read for his refer- 
ence to the work of Késter upon the influence 
of ordering on internal friction. Failure to 
mention this work was certainly an oversight. 
He also acknowledges the correctness of Dr. 
Read’s criticism of Hume-Rothery’s argu- 
ments, quoted in this paper, upon the basis 
for the occurrence of periodic fluctuations in 
concentration. 

As Dr. Barrett has emphasized, much re- 
mains to be learned regarding the structural 
changes taking place during annealing below 
the recrystallization temperature. Complete 
knowledge will be obtained only by the com- 
bined attack of many methods, including the 
standard X-ray diffraction, Dr. Barrett’s 
X-ray diffraction micrograph technique, and 
anelasticity. 
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Elastic After-effects in Iron Wires from 20° to 550°C. 


By Wituiam A. West* 
(Chicago Meeting, February 1946) 


ONE manifestation of anelastic properties 
in solids is the mechanical elastic after- 
effect, which may be described briefly as 
follows: If a stress is applied to a solid body, 
a deformation or strain is produced. On 
removal of the stress, this deformation 
disappears, at least in part. As a first 
approximation, this appearance or disap- 
pearance of deformation usually has been 
considered instantaneous. Actually, how- 
ever, for a very wide variety of substances, 
on application of stress the instantaneous 
deformation is followed by a further slow 
yielding, which continues, although at a 
rapidly diminishing rate, for as long as the 
stress is applied. Similarly, on removal of 
the stress, the instantaneous recovery from 
deformation is followed by a further slow 
recovery, which continues, although at a 
rapidly diminishing rate, often for a long 
time. This latter phenomenon has been 
called the “elastic after-effect.”’ 

Experiments upon the elastic after-effect 
in metals, when properly designed and 
when properly interpreted, are capable of 
giving quite precise information regarding 
the relation between stress and strain in the 
various constituent parts of the metal. For 
example, if certain parts of the metal, such 
as grain boundaries or slip bands, behave in 
a viscous manner—that is, if 


shear stress ~ rate of shear strain 


The statements or opinions in this articie 
are those of the author and do not necessarily 
express the views of the Ordnance Department. 
Manuscript received at the office of the Insti- 
tute July 31, 1945. Issued as T.P. 1993 in 
METALS TECHNOLOGY, August 1946. 

* Physicist, Watertown Arsenal, Watertown 
72, Mass. (On leave, Professor of Chemistry, 
The American University of Beirut, Beirut, 
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therein—the relaxation spectrum will con- 
tain lines or bands associated with the 
relaxation of shear stress within these parts. 
No attempts have heretofore been made to 
utilize elastic after-effects for obtaining 
such detailed information. The purpose 
of the present paper is to explore the 
possibilities of properly designed and 
interpreted experiments on the elastic after- 
effect in metals. Since new procedures and 
principles are employed in this study, an 
attempt has been made to record each step 
taken. 

Elastic after-effect observations are 
susceptible of simple interpretation only 
when the stress level employed is so low that 
all effects are linear with the stress. Just 
how low the stress level must be can be 
determined only by experiment. An advan- 
tage, other than simple interpretation, is 
associated with low stress levels. When all 
effects are linear, derived quantities, such 
as the relaxation spectrum, are independent 
of the stress distribution. It is, furthermore, 
possible to employ the type of deformation 
that is most convenient from the experi- 
mental standpoint; for example, torsion. 

It appears that in experiments involving 
both loading and unloading the following 
would be observed: 

1. Instantaneous deformation, recover- 
able instantaneously in whole, or in part. 

2. Delayed deformation, recoverable 
slowly in whole, in part, or not at all. 

3. Permanent deformation, the difference 
between total deformation and total 
recovery. 

In the work here described, unloading 
experiments only were made. Wires were 











torsional 


subjected 
strains, under given conditions, and the 
recoveries after release were observed in 


to given constant 


more or less detail. Measurements were 
made of: (1) the instantaneous recovery; 
(2) the delayed recovery (or elastic after- 
effect) beginning a given small time after 
release and continuing as long as desired; 
(3) the permanent deformation (or creep). 
These are the only observations to be made 
when constant strain is imposed. 

A study was first made of the elastic 
after-effect manifested by a cold-worked 
wire.* It is known that in iron below room 
temperature this form of after-effect over- 
laps the range of a type of after-effect not 
introduced by plastic deformation. It is 
also known that annealing at successively 
higher temperatures diminishes, and finally 
eliminates, the after-effect introduced by 
cold-work. However, an attempt to find its 
upper temperature limit failed for a quite 
unexpected reason. At temperatures where 
this cold-work after-effect has not yet been 
eliminated by annealing, a marked increase 
in after-effect is observed. This high-tem- 
perature after-effect is very large (up to 
50 per cent of the applied strain), and is 
not removed by annealing. It does not seem 
to have been previously studied, or, indeed, 
recognized as such, although the phenome- 
non of “recoverable creep”? appears to be 
identical with it. 

Two problems arise in the application of 
the method described: (1) How can instan- 
taneous recovery be unmistakably dis- 
tinguished from delayed recovery? (2) How 
can the observer know that delayed re- 
covery is complete and that residual dis- 
placement is true plastic deformation? 
In most cases these problems may be solved 
by taking advantage of the interdepend- 


*In the article just preceding this paper,! 
Zener has discussed the mathematical formu- 
lation of anelasticity, and has described the 
various forms which have been observed in 
metals in terms of the mechanisms that are 
thought to produce them. Throughout this 
paper it is assumed that Zener’s article is 
available to the reader. 
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ence of time and temperature in anelastic 
effects; i.e., the acceleration of recovery by 
a rise in temperature. The principles and 
procedures involved are described at some 
length below, since they are essential to the 
method employed, and apparently have 
not been so used before. Zener! has dis- 
cussed the interpretation of elastic after- 
effect measurements in terms of relaxation 
centers, distributed in a “‘relaxation spec- 
trum” according to their times of relaxa- 
tion. Raising or lowering the temperature 
shortens or lengthens the relaxation times 
of all the centers (quantitative analyses of 
this interdependence are made later). If 
the relaxation spectrum has a lower limit it 
is only necessary to lower the temperature 
sufficiently before the stress is removed, 
and the most quickly acting relaxation 
centers will be delayed for as long as de- 
sired. The observed elastic recovery will 
then be the true instantaneous recovery. 
Similarly, if the strain has been applied at a 
given temperature, by heating to a suffi- 
ciently high temperature after release the 
relaxation of all operative centers may be 
hastened so that delayed recovery will be 
complete in a few minutes, instead of con- 
tinuing for hours or days. Evidently the 
combination of these two procedures will 
give all the information referred to previ- 
ously. This has been done successfully for 
the high-temperature after-effect, but the 
relaxation spectrum of the lower-tempera- 
ture form overlaps that of a still lower type. 
It might be thought, when strain is applied 
at one temperature, and the specimen sub- 
sequently cooled before release, that the 
time of application of the strain during 
cooling, and at the lower temperature, 
would have to be taken into account. 
Actually, the factors are such that if the 
initial application of strain is for 5 min. or 
more, and if the rate of cooling is 10° to 
15° in 30 sec., no appreciable addition to 
the delayed recovery ensues. 


1 References are at the end of the paper. 
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One way of determining the relaxation 
spectrum is from the rate of relaxation— 
i.e., the slope of the after-effect curve—at a 
given instant. If we plot residual delayed 
recovery against log time, and take the 
slope of the curve at, say, 0.1 min., this 
slope will be proportional to the average 
density of relaxation centers actually 
operative at that instant, provided the 
time of application of the strain is long 
compared with the time after release taken 
for the measurement, so that relaxation 
will be complete in the centers under 
observation. 

In the method here described, constant 
applied strain was used. Properly speak- 
ing, all after-effect data should then be 
expressed in terms of instantaneous elastic 
recovery, since the latter represents effec- 
tive stress at the time of release. In the 
sections dealing with the high-temperature 
after-effect this was done. Data on the 
lower-temperature type, are, however, 
given in terms of the applied strain, for the 
following reasons: As has been previously 
stated, the instantaneous recovery could 
not be precisely observed, and an estimated 
value would have to be taken in each case; 
applied strain and instantaneous recovery 
differed by 3 to 4 per cent at the most, 
which was about the uncertainty of meas- 
urement; data for different wires cannot be 
compared quantitatively, because of diffi- 
culty in controlling quantitatively the 
amount and nature of prior cold-work. 
For the high-temperature form, however, 
there appears to be a good prospect of mak- 
ing a quantitative correlation of after- 
effect with microstructure. 


Description of Apparatus and Material 


APPARATUS 


The wire was attached at each end by 
passing it through a longitudinal hole in a 
small steel plug shaped as a truncated 
quadrilateral pyramid, and then pressing in 
a tapered steel pin (see detail of Fig. 1). 


These plugs were held in glass tubes whose 
tips had been constricted and molded to fit 
the plugs. The upper supporting tube was 
sealed into the top of a larger tube several 
inches longer than the wire. In the latter 
experiments this joint was not sealed, the 
wire holder being supported independently, 
and the opening being loosely packed with 
asbestos (Fig. 1). This larger tube, or 
jacket, was wound with resistance wire and 
insulation (not shown), and was provided 
with a side tube for a thermometer, and an 
opening near the top for blowing in cold air. 
Thus the temperature could be regulated 
and lowered without too great delay. The 
jacket was originally tested at various 
temperatures with the thermometer in 
different positions in the bore, to make sure 
that the temperature would be uniform 
throughout. The openings in the upper part 
of the tube were closed, of course, during 
heatings above room temperature. 

The lower suspension tube had a mirror 
attached, and then passed through a 
graduated turntable (not shown) provided 
with a clamp. The tube could thus be 
turned, held in any desired position, and 
released, the wire thus being twisted a 
given amount. An enlargement at the lower 
end of the tube dipped into oil, the depth 
of immersion being regulated to give proper 
damping of the elastic recovery of the wire. 
By means of a lamp and scale, with a 
suitable timing device, it was possible to 
follow the elastic after-effect beginning 
6 sec., or 15 sec., after release, for as long 
as desirable. The time to the first reading 
could have been reduced considerably, 
but it was thought that the uncertainty in 
the exact time of removal of the elastic 
strain, as well as the possible effect of the 
damping, would vitiate readings made 
after shorter intervals. 


MATERIAL 


The wire used was Baker’s 0.012-in. diam- 
eter iron wire for analysis, given as 99.8 
per cent Fe. Metallographic examination 
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showed that it had a very fine fibrous struc- 
ture, the metallic grains having been highly 
distorted in the process of manufacture. 
This process had introduced considerable 
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after-effect determinations. A method is de- 
scribed later by which a freshly strained, 
unannealed specimen free of torsional 
internal stresses was prepared. Wire No. 1 


_ GLASS TUSE 


“ 
“ | 


ae 
STEEL 
PIN 




















Fic. 1.—APPARATUS FOR OBSERVING ELASTIC AFTER-EFFECT. 


internal torsional stress, which was released 
on heating. The lower end of a freely hung 
wire began to rotate when the temperature 
reached about 70°C., and this rotation 
proceeded as the temperature rose, amount- 
ing to about 10° in a 1o-in. wire by the time 
450°C. was reached. This made it necessary 
to anneal thoroughly, at some temperature 
above the highest to be used in the experi- 
ment, before a wire could be used for 


was 15 in. long; all the others were to in. 
Wires used in the last two parts of the paper 
are identified by description rather than by 
number. 


Elastic After-effect in Cold-worked Wire 
between 20°C. and 100°C. 


The work described in the following four 
sections was done with wire No. 1 (15 in, 
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long). The only treatment given it was 
a thorough anneal at 105° to 110°C. 


EFFECTS OF AMPLITUDE AND OF TIME OF 
APPLICATION OF PRIOR ELASTIC 
STRAIN, WIRE No. 1 


These relationships have been previously 
investigated,* but a few experiments were 
made, which confirmed past experience. 
Fig. 2 shows elastic after-effect curves for 
wire No. 1 after straining 15 min. at 60°C. 
for amplitudes of 45°, 90°, and 180°, 
respectively. The residual strains are seen 


amplitude and to log time of application of 
prior strain. In these experiments and in all 
those described in this part of the paper, 
permanent deformation is disregarded, 
since it was absent, or too small to be de- 
tected with certainty. 


INTERPRETATION OF ‘TIME EFFECT IN 
TERMS OF A RELAXATION SPECTRUM, 
WrreE No. 1 


Boltzmann‘ expressed the condition of 
strain of a specimen in terms of the past 
history of the stress by means of a so-called 
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Fic. 2.—ELASTIC AFTER-EFFECT AT 60°C. AFTER STRAINING 15 MINUTES TO GIVEN AMPLITUDE 


to be proportional to the amounts of prior 
strain applied. 

In Fig. 3@ are plotted curves for after- 
effects produced at 80°C. by straining 90° 
for times varying from 10 sec. to 1150 min. 
Fig. 3b shows the initial readings of these 
curves plotted against log time of applica- 
tion of prior strain. These points lie 
quite close to a straight line. The results 
confirm that the elastic after-effect is 
proportional (at least within limits) to 


remembrance function. The following form 
of Boltzmann’s equation applies to elastic 
after-effect: 


e(t) = e, = D(t — ¢’)dt’ [1] 


e(#) = residual strain at time # after re- 
moval of stress. 
€; = instantaneous elastic recovery 
t, = time of application of strain. 
@ = remembrance function. 
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If we postulate the existence of relaxa- 
tion centers! as the mechanism underlying 
anelasticity, and further assume that these 
centers are uniformly distributed, on a 
logarithmic scale, from very short to quite 


the elastic after-effect for times long com- 
pared with the minimum relaxation time: 


e(t) = ew { In (=*)} (3) 
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long relaxation times, the remembrance 
function ® may be evaluated* as follows: 


&(t) = y i - ) [2] 


T» = minimum relaxation time, here as- 
sumed to be very small. Y = amplitude of 
relaxation spectrum, here assumed con- 
stant. (This assumption of constancy of 
the relaxation spectrum implies that the 
internal friction would be independent of 
frequency of vibration.) 

Under the conditions just described the 
two equations may be combined to give 


*From Eq. 130 of reference r. 





the symbols being as already defined. If # 
is small compared with 4, Y may be deter- 
mined from the slope of the initial part of 
the after-effect curve, since then: 


a ee: 


(As explained in the introduction, the true 
instantaneous elastic recovery cannot be 
measured in this case. The degree of ap- 
proximation used, however, is within the 
experimental error if the applied strain is 
used instead.) If, now, we examine Fig. 3a, 
we find that the initial slopes of all the 















er Tee 


anon pee mtst 


er hisepermcnceet ei ietammastersaney Nie are 




















oO 
wy 
Ww 
- ‘I ‘ON Fam ‘SUNIL NAAID XOd ,06 ONINIVALS AALAV 08 LV LOAAAI-AALAV OILSVIq—'h “o1g 
© (Culw) 3SV373uY Y3isv 3WiL 
°o 000'0! 0001 | 001 _ O1 O1 0, 
iS T 
= ee pt l pT wTTTT To Eee Ts 
a Xt _~v_ 
yy 
+ es. ae ms 
XT . 


Vv 


“~ 
xX 
oO waited 
omy = 
© 


J 





(410 : . )93asor + ae. | 
(ssn « : ~ awit O = 
— 2 ‘ ‘ ) uw o VY | 


1e00'0= f ‘206 = % togu= 42 
(-w353-5) “7 °9 =) —:Wous “oWO 3AUND 


“9 


cor —— AB O3IIdI LINN s3wit) ‘NINOS x 


NIW OSIi| © 











ELASTIC AFTER-EFFECTS IN IRON WIRES FROM 


198 


















WILLIAM A. WEST 199 


curves are very nearly the same, which 
indicates that the above assumption of 
constancy of the relaxation spectrum is 


time of application of strain for that obser- 
vation. The points lie very close to the 
curve. 



































1 /}— itn ee 2l°C. 
O~-~~__6_10 Min ~ i 
Ls ~~ Oe. o-«.. 
@-- | MIN. ito! ©-~~ 
OO I i De as aes O-~9 
re) l l a ee Pe. ~ => Oe efile i a a ew ee 
0.1 i.0 10 100 
Ss 
5 @ | 
@ |. ~-@100 MIN. 40°C. 
2 . 
‘o~-. ie 
2'f ~OJO MIN. ae 
= ae O-.__ 
— Oe alia O-~. 
7a an ~ ie. 
~~ . ~~... ~~©--. 4 
O~-~---__ “Dir c Q 
J 'e) i i a oe 9 O55 = = Or ee ri ©----~ 6... 
<a “O.! 1-0 10 100 
2 
f° 
« ~~@ 100 MIN. 60° C. 
b— ie 
@~~__ ono 
~-© 0 MIN. ~— 
a ~O~ 
= O~_ hh. 
“On. O~~_ 
Pa min ~~~ ee 
. Ditien “fro=~@ 
— © : ees ~ ~-~9 
0 i a ae Cee he Y~~=-9-,=--© rl = 5 LL 
0.1 100 


1-0 10. 
TIME AFTER RELEASE (mir 


Fic. 5.—ELAsTIC AFTER-EFFECT AT GIVEN TEMPERATURES AFTER STRAINING go° FOR GIVEN TIMES 
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justified for this wire, within the limits of 
the experiment. By taking lines that repre- 
sent as well as possible the straight parts of 
the curves in Fig. 3a we obtain a slope of 
—o.73, which gives Y = 0.0037. From the 
slope of Fig. 3b we obtain y = 0.0034, 
which is reasonably good agreement. 

In Fig. 4 is drawn the curve for the after- 
effect produced by a go° strain applied at 
80°C. for 1150 min. as calculated from 
Eq. 3, from o.1 min. to 10,000 min., using 
WY = 0.0037. The experimental points are 
plotted on the same diagram, each value of 


t being multiplied by =, t, being the 
h 


No. 1. 


EFFECT OF TEMPERATURE VARIATION ON 
THE RELAXATION SPECTRUM, WIRE 
No. 1 
It has been shown that the relaxation 
spectrum (approximately independent of 
relaxation time) may be determined from 
the slope of the after-effect curve as plotted 
against log time. To study the effect of 
temperature change, a series of observa- 
tions were made, straining go° for 1, 10, and 
100 min., respectively, at temperatures of 
22°, 40°, 60°, 80°, and 100°C. The results 
are shown in Figs. 5 and 6. The slopes of the 
curves in each set are reasonably consistent, 
and show a slow increase as the temperature 
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is raised, corresponding to values of W as 
follows: 


TABLE 1 
TEMPERATURE, Dec. C. vy 
OB ive sa vee ecient as 0.0021 
2 pa eiea sk sos oc ate buns ©.0027 
RSteaaiats whut eierace Ab scan ee ee 0.0031 
WE Weds aes cotbakeed ateoues 0.0035 
MOG mp. 53 eke een dale «ceeees 0.0038 


According to Eq. 3 increase of y should 
also be accompanied by increase in ampli- 


effect is due to those regions whose times 
of relaxation are operative under the condi- 
tions of the experiment. 

2. In respect to their times of relaxation, 
these centers are approximately uniformly 
distributed, at least over the observed range. 

3. Changing the temperature changes 
the rates of relaxation of these centers so 
that a different part of the spectrum is 
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tude of after-effect, and Figs. 5 and 6 show 
that the initial amplitudes, for each time of 
strain, increase steadily as the temperature 
is raised. 

From the results of this section and the 
last it appears that there is considerable 
justification for the following picture of the 
mechanism of anelasticity in material of the 
type used: 

1. Relaxation is produced in localized 
regions or centers, and the observed after- 


No. 1. 


brought under observation for a given time 
range. 

Whether or not the spectrum is also 
altered is considered in the next section. 

4. Observation of different parts of the 
relaxation spectrum by changing the tem- 
perature shows a small but definite change 
in y. 

Possible quantitative relations between 
temperature and relaxation time will be 
investigated in the next section. 











RELATION OF TEMPERATURE TO TIME OF 
RELAXATION, HEAT OF ACTIVATION, 
Wrre No. 1 
It is a general rule that material processes 
take place more rapidly at high temperature 
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are plotted in Fig. 7. In each case, after the 
plotted points were observed, the tempera- 
ture was raised to 100°C. and maintained 
there overnight, by which time the wire 
had come to rest. The zero for each set of 
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than at low temperature. In the case of 
the elastic after-effect we may examine the 
influence of temperature on: (1) the rate at 
which after-effect disappears in a specimen 
; released from a given elastic strain; (2) the 
amount of after-effect acquired from a 
given elastic strain. 


Influence of Temperature on Rate of 
Disappearance of After-effect 





In order to investigate this case, observa- 
tions of after-effect were made on wire No. 1 
at 21°, 40°, 60°, 80°, and 100°C., after, in 
each case, straining 90° for 60 min. at 
100°C. The applied prior strain was thus 
identical throughout, and differences in 
amount, and rate of disappearance, of 
after-effect would be due to temperature 
differences only. The experimental results 





100°C., WIRE No. 1. 


readings was obtained in this way. By this 
means amplitude as well as rate of loss of 
after-effect was determined in a reasonable 
time. As is shown in the following para- 
graphs, waiting for the after-effect to disap- 
pear at the lower temperatures would, in 
this case, have involved extremely long 
times. 

We may first examine the slopes of the 
curves in Fig. 7. According to the previous 
analysis, ¥ for each temperature may be 
obtained from the slope of the curve at that 
temperature, regardless of the conditions 
under which the strain was applied. The 
resultant values of W are: 


TABLE 2 
TEMPERATURE, Dec. C. 
EE, SESE EES Ce Septet Pas Meet 0.0025 
Se PP Fe ree 
SSS pe ee rr ee ee 0.0036 
Uses err er ee ee ee 
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The experiments on which these results are 
based were made several weeks before those 
used in calculating Table 1. It is seen that 
the two sets of values of yw differ by an 
approximately constant factor, the ability 
to produce after-effect having diminished 
with the passage of time, as is discussed 
later. 

If, as stated in the last section, we con- 
sider the effect of temperature change to be 
a shifting of the relaxation spectrum to 
bring a different part of it into our experi- 
mental range of observation, then all the 
curves of Fig. 7 are parts of a single curve, 
which could be determined if we could 
observe a sufficiently extended range of 
relaxation times. For example, a more 
complete 21°C. curve could be obtained by 
shifting the other curves horizontally so 
that they would fit into place as extensions 
of the actual observations at 21°C. This 
horizontal shift, on a logarithmic scale, cor- 
responds to multiplying the observed times 
at a given temperature by a constant factor 
in order to transform them to equivalent 
times at 21°C. As is described more fully 
hereafter, a direct relationship between 
relaxation time and temperature requires 
that for a given residual strain log ¢ plotted 
against z should be a straight line, where 
t = relaxation time to reach the given 
relative residual strain at absolute tempera- 
ture JT. The data plotted in Fig. 9 give 
straight lines, of very nearly uniform slope. 
Taking 


d log t _ 
I 
a (z) 


we find the time-temperature conversion 
factors given in Fig. 8, from which we may 
plot the points as shown there. 

The resultant composite curve represents 
the elastic after-effect curve for this wire, 
at 21°C., following the given prior strain, 
from 15 sec. to more than one year after re- 





4580 


lease. A parallel curve is also drawn, 
shifted horizontally to the position cor- 
responding to 100°C. This latter curve may 
be confidently accepted as representing the 
relaxation at 100°C. for relaxation times 
down to about o.oo1 min. A similar curve 
may be drawn for any other temperature 
for which the transformation factor has 
been determined. 

Evidence that relaxation times of one or 
more years are not fantastic is given by 
Schlotzer,’ of the Institute fur Zeitmes- 
skunde und Uhrentechnik, who states that 
newly manufactured watch springs are not 
reliable until they have stood a full year, 
after which they are stable. The curve in 
Fig. 8 indicates that holding for a single 
day at 100°C. might well have accom- 
plished the same result as a year at room 
temperature. 

The temperature dependence of any 
process‘can most conveniently be expressed 
in terms of a heat of activation. This means 
that, in mathematical terms, the state of 
the system may be defined in terms of time 
and of an exponential term of the form 


e RT where R = molar gas constant = 
2 cal., T = absolute temperature, and Q = 
heat of activation in calories. For the elastic 
after-effect: 


relative residual strain isafunctionofte RT 


If now we observe the relaxation times 
required, at various temperatures, to 
produce a given elastic after-effect, follow- 
ing release from a given strain, we may plot 
I 
T 
it is seen that the points so plotted 
should lie on a straight line, and that 


log ¢ against — From the equation above 





d log t 
mapa : e Ss 
oF 


Four such sets of points, taken from the 
data of Fig. 7, are plotted in Fig. 9. With a 
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single exception, the points of each set lie 
very close to a straight line, and the four 
lines agree reasonably well as to slope. We 
obtain: 





tion spectrum is being observed in each 
case, although the total residual strains 
vary widely with temperature of straining. 

If we apply the empirical time factors 

















d log t used in fitting together the parts of the 
= 4580; or Q = 21,000 cal. ; Bg > 
d‘(2) composite curve in Fig 8, we may calculate 
T the times of strain at 21°, which would be 
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Fic. 9.—TIME-TEMPERATURE RELATIONS FOR GIVEN RESIDUAL AFTER-EFFECTS, WIRE No. 1 
(TAKEN FROM Fic. 7). 


Since a single heat of activation appears 
to apply to the whole observed relaxation 
spectrum, the indication is that change of 
temperature shifts the whole spectrum but 
makes no relative changes in its different 
parts. The significance of the result lies in 
this, rather than in the numerical value of 
the constant. 


Influence of Temperature on Rate of 
Acquiring After-effect 


This was investigated by straining the 
wire 90° for 60 min. at 21°, 40°, 60°, 80°, and 
100°C., respectively, then releasing at 21° 
and observing the after-effect for about 
100 min. The point of rest was determined 
as before, by heating to 160° overnight, in 
order to save time. The experimental results 
are plotted in Fig. 1o. The slopes of the 
lines are shown to be practically identical, 
indicating that the same part of the relaxa- 


’ 


equivalent to 60 min. at, respectively, 
40°, 60°, 80°, and 100°C. We may now plot 
the initial reading of each curve against the 
calculated time of straining at 21°, making 
use of the relationship in Eq. 4. The result, 
in Fig. 11, gives a line whose slope in its 
early part is very similar to that of the line 
in Fig. 3b. In its later part the slope in- 
creases, which indicates an increase of ¥ 
at higher temperature, as found from Figs. 
5, 6, and 7. 

The results of this section are quite con- 
sistent with the interpretation of an- 
elasticity given at the end of the previous 
section. 


CASES OF MARKED ‘TEMPERATURE 
DEPENDENCE OF RELAXATION 
SPECTRUM 


In order to make a preliminary study of 
the influence of plastic deformation on the 
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Fic, 10.—ELASTIC AFTER-EFFECT AT 21°C. AFTER STRAINING 90° FOR 60 MINUTES AT GIVEN TEM- 
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elastic after-effect characteristics, a number 
of specimens were annealed. As already 
mentioned, annealing at 700°C. makes the 
wire incapable of producing an after-effect 


effect was again observed, with the results 
shown in, Fig. 126. The values of y are 
now 0.0018 and 0.0022 at 60° and 100°C., 
respectively. The additional cold-work has 
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FIG. 12.— RELEASED AFTER TWISTING 90° FOR 10 MINUTES AS INDICATED, WIRE No. 6. 
a. Wire strained by twisting and pulling. 
b. Wire additionally strained by rolling slightly flat. 
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below 100°C. It comes to a complete stop 
at the end of the instantaneous elastic re- 
covery. Wire No. 6 was treated in this way 
and then was given plastic deformation by 
winding repeatedly around a }¢-in rod and 
then pulling straight. The direction of wind- 
ing was reversed each time. The lower 
yield phenomenon, of course, disappeared, 
and a small amount of work-hardening be- 
came noticeable. 

The specimen was then tested for after- 
effect by straining 90° for 10 min. at 100°C.., 
and releasing, first at 100°C. and a second 
time at 60°C. The results are plotted in 
Fig. 12a. The slopes of these two lines give 
values of W of 0.0004 and 0.0011 at 60° and 
100°C., respectively. These values are 
not only much less than those obtained for 
wire No. 1; they show a very marked 
dependence on temperature, y increasing 
nearly threefold over a temperature range 
that caused only a 23 per cent increase in 
W for wire No. 1. 

Wire No. 6 was then further plastically 
deformed by rolling slightly flat. The after- 


not only increased the after-effect, but has 
diminished the temperature dependence to 
approximately that observed in wire No. 1. 

Wire No. 8 was annealed at 400°C., 
strained by winding and pulling as described 
above, and then tested for after-effect. 
The results are plotted in Fig. 13, the condi- 
tions being indicated for each curve. From 
the slopes of the curves we find y to be 
0.0005, 0.0009, 0.0022 at 25°, 60°, and 
100°C., respectively, a result similar to that 
originally obtained for wire No. 6. 

In Fig. 14¢ are plotted initial (at o.1 min.) 
after-effects of wire No. 8 strained go° at 
60°C. for times of 1, 10, 100, 1000, and 
4000 min., plotted against log time of 
straining. In contrast to Fig. 36, the points 
do not lie on a straight line, but rather on 
an S-shaped curve. 

In Fig. 14) is plotted the whole experi- 
mental curve for the after-effect of wire 
No. 8 after straining 90° for 4000 min. at 
60°C. The general shape of this curve may 
be compared to the 100° to 60° curves in 
Figs. 12a and 13a and to the 60° to 25° curve 
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in Fig. 136. It may also be contrasted with 
the 1150-min. curve in Fig. 3a, the com- 
posite curve in Fig. 8, and the 100° to 60° 
curve in Fig. 12). It appears that a notice- 


The general indication is that a wire that 
has undergone mild cold-work has a relaxa- 
tion spectrum that is low for short relaxa- 
tion times but increases steadily as the time 
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FIG. 13.—RELEASED AFTER TWISTING 90° 


able reverse S-shape results when the re- 
laxation spectrum varies considerably with 
temperature and with time of relaxation, 
while an approximately constant relaxa- 
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is increased, perhaps to a rather flat maxi- 
mum. More severe plastic deformation, 
however, not only raises the whole spectrum, 
but flattens and spreads the maximum. For 
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Fic. 14.— RELEASED AFTER TWISTING 90° AT 60°C. AS INDICATED, WIRE No. 8. 
a. Readings 0.1 minutes after release. 
b. After twisting for 4000 minutes. 


tion spectrum produces a curve that is very 
nearly straight in its earlier part. In a later 
section further evidence is given in support 
of this statement. 


practical purposes, in the latter case, the 
relaxation spectrum may be considered 
nearly constant in the ordinary experi- 
mental range. It may be noted that the still 
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lower temperature type of after-effect, 
referred to in the introduction, gives an 
after-effect curve with a very marked 
reverse S-shape.® 
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specimen after various treatments and also 
the after-effects for temperatures up to 
250°C. following anneals of 5 hr. at 300° 
and 350°C. It is striking that the anelastic 
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Fic. 15.—ELASTIC AFTER-EFFECTS AT GIVEN TEMPERATURES. EFFECTS OF LOW-TEMPERATURE 
ANNEALS ON FRESHLY COLD-WORKED WIRE (TWISTED 90° FOR 20 MINUTES). 


Effects of Low-temperature Anneals on 
Elastic After-effect in 
Cold-worked Wires 


In order to study the effects of low-tem- 
perature anneals, it was necessary to pre- 
pare freshly cold-worked specimens free 
from locked-in torsional stresses. This was 
done by first giving an anneal at 750° to 
800°C., thus completely eliminating the 
effects of prior cold-work, then laying the 
wire on a smooth, flat surface and rolling 
longitudinally until the specimen was partly 
flattened. Elastic after-effects were then 
observed after holding for given times at 
various temperatures. In Fig. 15 are plotted 
the after-effects at 40°C. of one such 


properties of the wire immediately follow- 
ing cold-work change rapidly even at 
40°C. Curves e and f show that treatment 
at 300° to 350°C. practically eliminates 
anelasticity below 100°C., but that between 
100° and 200°C. a considerable amount 
remains, while above 200°C. it increases 
very rapidly. This last phenomenon was 
wholly unexpected, and obviously was to be 
attributed to some other factor than prior 
cold-work. 

The same experiments were also analyzed 
in terms of relaxation spectrum, the value of 
y for o.1 min. relaxation at each tempera- 
ture being calculated from the slope of the 
elastic after-effect curves, as previously 
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described. The values of y for curves e and f 
are plotted in Fig. 16, and the after-effect 


temperature annealing. The right-hand 
component, which rises steeply from zero, 


curves themselves for the points of curve does not appear to have been observed 
e are plotted in Fig. 17. Referring to Fig. 16, before. Evidence is given later for the sug- 
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Fic. 16.—RELAXATION SPECTRUM. EFFECT OF LOW-TEMPERATURE ANNEALS ON FRESHLY COLD- 
WORKED WIRE (TWISTED 90° FOR 20 MINUTES). 


we find once more a steady rise through 
100° to 150°C., a “plateau” from 150° to 
200°C., and finally a very rapid rise through 
250°C. Later experiments show that still 
higher temperatures of anneal completely 
suppress the left-hand parts of the curve, 
leaving only a single branch, which rises 
steeply from zero, beginning at higher 
temperatures. It seems very probable, 
therefore, that the experimental curve 
actually consists of two components, as 
indicated by the lightly dotted lines. The 
left-hand component, which rises to a 
maximum and then falls, is considered to be 
due to the prior cold-work, whose effect has 
not been completely, eliminated by low- 


gestion that it is due to relaxation at the 
grain boundaries. 

Fig. 17 is of some interest in the theoreti- 
cal interpretation of elastic after-effect. 
As pointed out previously, for a specimen 
with a constant relaxation spectrum the 
after-effect curve is practically a straight 
line in its earlier part, while in an increasing 
relaxation spectrum the curve is a reverse 
S-shape, being therefore concave downward 
in its earlier part. The shapes of the after- 
effect curves in Fig. 17 entirely confirm this 
relationship in a single specimen, whose 
relaxation spectrum is constant over one 
range, but increases over others. 

Fig. 18 gives the results of a more de- 
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rapid rise at higher temperatures is shown 


tailed study of low-temperature anneal. 

















The specimen was prepared by the method again. 
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Fic. 18.— RELAXATION SPECTRUM OF FRESHLY COLD-WORKED WIRE EFFECT OF LOW-TEMPERATURE 
ANNEALS. HELD 100 MINUTES AT EACH OF INDICATED TEMPERATURES. 


Elastic After-effect in Fully Annealed 
(850°C.) Wires between 250° and 550°C. 


already described, but since there is no 
It is well known that the ability of cold- 


way of ensuring uniformity of cold-working, 


quantitative agreement between different 
specimens cannot be expected. The curves 
show the diminution of anelasticity caused 
by 100-min. anneals at successively higher 
temperatures, the development of a “‘pla- 
teau”’ in the curve is indicated, and the 


worked iron to manifest elastic after-effect 
at or near room temperature is completely 
removed by even low-temperature anneal- 
ing. In the previous section it was shown 
that, while the above type of after-effect 
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rapidly disappears as the temperature of 
annealing is raised, an apparently different 
type, of much greater amplitude, appears 
at higher temperatures. Wires were there- 
fore annealed at 850°C., being heated 
slowly to that temperature, held 10 min., 
and cooled slowly. In these specimens 
recrystallization would be complete. Pre- 
liminary experjments showed that a 10° 
twist was safe, as far as danger of producing 
plastic deformation was concerned, while 
the magnitude of the effects to be observed 
made larger applied strains unnecessary. 
The wires showed a marked lower yield, an 
attempt to bend producing a series of 
angles rather than a smooth curve. 


THE HIGH-TEMPERATURE ELASTIC 
AFTER-EFFECT 


In Fig. 19 are plotted the results of 
measurements made from 250° to 550°C. 
At lower temperatures there was no after- 
effect. 

Total delayed recovery was determined 
by twisting the wire 10°, holding for 10 min. 
at the given temperature, cooling to below 
200°C., and releasing. The instantaneous 


_ recovery immediately took place, and the 


light spot then became stationary. When 
the wire was heated to a temperature 
approaching that of twisting, the delayed 
recovery made itself felt, and the tempera- 
ture was raised slowly until the light spot 
again became stationary. This usually 
took place in about 5 min. and at a tem- 
perature about 115°C. above that of twist- 
ing. This movement was taken as the elastic 
after-effect, or delayed recovery. The 
difference between the original position of 
the light spot before twisting and the final 
point of rest was taken as the permanent 
set, or creep. 

The wire was then twisted in the same 
way at the given temperature, and released 
at that temperature, readings of the light 
spot being taken, beginning 0.1 min. after 
release. These readings were then plotted 
against log time, as in Fig. 17, and the slope 


of the resultant curve at o.1 min. was 
determined graphically. The delayed re- 
covery after o.1 min. was determined by 
raising the temperature, as described 
above, until the light spot came to rest. 

In Fig. 18 all the data are expressed in 
terms of percentage of instantaneous 
recovery (e;), since the latter measures the 
effective elastic strain impressed on the 
specimen at the time of release. The values 
of the relaxation spectrum y are calculated 
from the slopes of the curves at 0.1 min., by 
means of the same formula used earlier. 
The following values, calculated from the 
observations at 550°C., could not be plotted 
with the scale used in Fig. 18: 


Total delayed recovery............ 273% at 550°C. 
SOR AE A eT OS Pe ere 0.147 at 550°C. 


The observations used in Fig. 18 were all 
made on a single specimen, but experiments 
with other, similarly treated wires, showed 
that the results were quantitatively repro- 
ducible within a reasonably narrow range. 
A later section will discuss methods of 
varying these anelastic properties, and will 
suggest an hypothesis to explain them. 


TIME-TEMPERATURE RELATIONS 


Before taking up the subject matter of 
this section, it is necessary to show that, 
in the ranges employed, values of the relax- 
ation spectrum, calculated by the formula 
already given, are nearly independent of 
amplitude and time of application of strain. 
Table 3 shows that for a twist of 10° ap- 
plied for 10 min. these conditions apply 
sufficiently closely. 


TABLE 3.—Time-temperature Relations 


Time of Application of Strain, 10 Minutes, 


400°C. 

STRAIN ApPLieD, Dgc. C. v 
Ri crs cteack eden e See 
Mites. ass + okies +g See 
2 ee ae . 0.0320 
DS. bess evetasennd Oe 

Strain Applied: 5° (400°C.) 

TIME OF APPLICATION, MIN. v 
OE a ee Sa 0.0275 
ie soi » 5 . 0.02905 


ON eae . sees 0.0420 
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Fic. 19.—AFTER-EFFECT DATA AT HIGH TEMPERATURES. WIRE ANNEALED 10 MINUTES AT 850°C. 
TWISTED 10° FOR 10 MINUTES AT GIVEN TEMPERATURES. 


To investigate the relation of time to 
temperature the same method was used 
as in the previous study at lower tempera- 
tures. A wire was twisted 10°, held for 
ro min. at a given temperature, then cooled 
to some lower temperature, and released. 





Observations were made of the after-effect, 
at intervals, over 50 min. The delayed 
recovery was then brought to completion 
by raising the temperature as just described. 
This procedure was repeated at a series of 
temperatures, all lower than the chosen 
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temperature at which twisting took place. 
A series of curves was thus obtained, 
representing the after-effects at a series of 
temperatures produced by identical im- 


60 


is seen that where a series contains more 
than two points it closely approximates a 
straight line, and that all the lines agree 
closely as to slope, with two exceptions. 
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Fic. 20.—WIRE ANNEALED AT 850°C., TWISTED 10° FOR 10 MINUTES AT 400°C., RELEASED AT 
INDICATED TEMPERATURE. 


pressed strains. Fig. 20 shows such a 
series, the twisting being done at 400°C.., 
while for Fig. 21 the twisting temperature 
was 450°. Still higher temperatures were 
not attempted because of the large amount 
of creep there encountered. 

To test whether the time-temperature 
relation can be expressed in terms of a 
single heat of activation, the procedure 
was as previously described: For a given 
residual strain log ¢ is plotted against 1/T 
for each curve of Fig. 20 that includes that 
strain. In Fig. 22 are plotted several series of 
such points for both Fig. 20 and Fig. 21. It 


These two both involve the topmost curve 
of Fig. 21, which is nearly horizontal, so 
that a small constant error in residual 
strain would produce a large error in time. 
The average slope is taken as 11,000, or, 


Q = 51,000 cal. per mol 


Using this heat of activation, and 
assuming the above relation of time to 
temperature, one may calculate factors for 
transforming any given relaxation time 
at one temperature to corresponding times 
at other temperatures. The factors that 
appear in Fig. 23 are designed to trans- 
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form times at the given temperatures to 
times at 300°C. The composite curves 
therefore represent the elastic after-effect 
curves at 300°C. resulting from a 10° 


704 


A SUGGESTED MECHANISM 
The after-effect manifested by cold- 
worked material at lower temperatures 
may be considered due to regions of at 
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FiG. 21.—WIRE ANNEALED AT 850°C., TWISTED 10° FOR 10 MINUTES AT 450°C., RELEASED AT 
INDICATED TEMPERATURE. 


twist applied for 10 min. at 400° and 
450°C., respectively. The above inter- 
pretation, therefore, appears to be quite 
consistent with the experimental results, 
since nearly all the points fall along the 
continuous curves. As in the section on 
page 10 change of temperature appears to 
shift the relaxation spectrum as a whole. 


least pseudo-amorphous nature, produced 
during the plastic deformation, and per- 
sisting thereafter for a shorter or longer 
time. Annealing at successively higher 
temperatures causes these regions to dis- 
appear, by recrystallization, beginning 
with those of shorter relaxation times, 
until the specimen is completely recrys- 
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stallized. The type of after-effect we are 
considering in this section seems to appear 
in the neighborhood of 200°C. (Fig. 18), 


seems to support the suggestion that this 
anelasticity is due to relaxation along grain 
boundaries, since small grains correlate with 
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Fic. 22.—TIME-TEMPERATURE RELATIONS FOR GIVEN AFTER-EFFECTS. 


at which temperature recrystallization is 
well under way, as shown by the marked 
lessening of low-temperature after-effect. 
Figs. 15, 16 and 18 indicate that the high- 
temperature after-effect diminishes as the 
temperature of anneal is raised. It seems 
legitimate to attribute this after-effect to 
the grain boundaries, which may be 
thought of as extremely thin films of a vis- 
cous nature, the viscosity decreasing with 
rise of temperature. 

An obvious experiment is to apply treat- 
ments calculated to give different grain 
sizes, and then observe the difference, if 
any, of the after-effects manifested by the 
different specimens. Such an experiment 
was performed, and the after-effect was 
found to vary in an inverse manner to the 
grain size. This brief preliminary study 


greater after-effect. Obviously a more ex- 
tended investigation is necessary before 
final conclusions can be drawn. Not only 
should effects of altered grain size be sys- 
tematically examined, but also such sub- 
jects as grain-boundary precipitates or 
other heterogeneity, as well as gross chemi- 
cal composition. 


Summary 


By means of a method employing given 
applied strains, torsional elastic after- 
effects have been observed in iron wires of 
a considerable degree of purity. 

In the after-effect manifested by cold- 
worked wires, measured between 20° and 
100°C., it is shown that relaxation time 
can be correlated with temperature by 
means of a heat of activation of 21,000 
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cal. per mol. This heat of activation is to 
be associated with the viscosity of slip 
bands. Values of the relaxation spectrum 
for this material over the range given have 
been calculated from observed relaxation 
rates, and have been shown to increase 
more or less slowly with temperature, 
and to be increased by increasing amounts 
of cold-work. 

Low-temperature anneals have been 
shown to diminish the ability of cold- 
worked material to show after-effect, the 
after-effect observed at lower temperatures 
being eliminated first. Wires annealed at 
300° to 350°C., which still show this type 
of after-effect in the range 100° to 200°C. 
show at higher temperatures what seems 
to be a distinct type of after-effect. 

This latter type of after-effect, which 
has not, apparently, been previously 
reported, shows very large effects, up to 
50 per cent of the applied strain. Its 
relaxation spectrum increases rapidly up 
to 550°C., the highest temperature of 
measurement. The heat of activation of 
this type is found to be 51,000 cal. per mol. 
It is not eliminated by annealing, but 
appears to be diminished by increasing 
grain size The suggestion is made that it is 
due to shear-stress relaxation along the 
grain boundaries. 


Appendix A.—AN ANOMALOUS AFTER- 
EFFECT IN STRAINED RODS AND WIRES 


The phenomenon described below is 
likely to be encountered in elastic after- 
effect measurements at high temperature, 
and attention is therefore called to it at 
this time. 

In an unpublished independent in- 
vestigation in this laboratory, B. C. Ward 
observed that a ,-in. rod that has been 
plastically deformed in torsion and then 
released, at high temperature, shows: (1) 
instantaneous elastic recovery; (2) de- 
layed elastic recovery; (3) twisting in a 
sense opposite to the above; namely, in 
the direction of the original twist for plastic 


deformation. This last phenomenon was 
observed with the wires here employed, 
under the following conditions: (a) the 
wire had been annealed for some time at 
450° to 500°C., but not higher; (b) a 
strain of 90° was applied at 350° to 400°C.; 
the temperature was raised (after release) 
to 450° to 500°C.; (c) a weight of about 
50 grams was suspended from the wire. 
The effect was not observed at lower 
temperatures, nor in wires annealed at 
850°C. Replacement of the 50 grams 
weight by a glass damping cylinder of 
about 10 grams markedly reduced the 
effect. 

To test the hypothesis that the twisting 
was caused by the pull on the wire, a 
removable weight was devised, which 
could be attached or detached during a 
series of observations without unduly 
disturbing the setup. A wire, with 10- 
gram weight attached, was twisted and 
released, and the temperature was then 
raised. After the delayed recovery was 
completed the reverse effect noted above 
appeared. Its rate of movement was 
recorded, the weight was increased to 75 
grams and the rate once more was observed. 
The extra weight was removed, and then 
once more added. Table 4 gives the results 
as degrees per minute of reverse movement, 
in the direction, that is, of the original 
applied strain. 


TABLE 4.—Reverse Twist in a Strained 
Wire 
Temperature about 450°C. 


WBIGHT, GRAMS MOVEMENT, DEG. PER MIN. 


Se ee oe ate oe is 0.20 
al as 5h) a aes aos ae 2.0 
| REI G  MR eEIA LEER ea F 0.15 
| en ee 1.8 


These results seem to confirm the 
explanation that the twisting was caused 
by tension on the wire. Ward’s experi- 
ments were made with a heavy steel chuck 
attached to the lower (free) end of the rod. 

The following is suggested as a possible 
mechanism for this phenomenon: A wire 
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of fibrous structure held under torsional 
strain at these temperatures, or given 
torsional deformation, assumes a somewhat 
spiral internal structure. Under tension, 
creep takes place along the boundaries of 
the elongated grains that make up this 
structure, and a rotation of the end of the 
wire results, in the direction of twist of 
the spiral. The effect is found in wires such 
as No. 2 of the last section, which retains 
a fibrous structure, but has not been ob- 
served in a specimen such as No. 1, which 
is uniformly granular. 
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DISCUSSION 
(G. Edmunds presiding) 


A. Skapsk1.*—I should like to touch on one 
point in Dr. Zener’s paper, i.e., Rosenhain’s 
theory of the amorphous substance, which he 
assumes to exist in slip bands and grain bounda- 
ries (pp. 161 and 164). 

If we consider all the problems that have to 
be explained by Rosenhain’s “‘amorphous state 
theory,’”’ we must say that it has failed to 
furnish sufficient explanation and generally is 
not accepted any more. On the other hand, it 
seems certain, I believe, that nowadays we 
cannot look upon grain boundaries as mere 
geometrical lines forming some pattern that 
indicates where the crystals of the metal meet 
or where there is a discontinuity of the direc- 
tion of crystal axes. I think, rather, we may 
take it for granted that in many cases consider- 


* University of Chicago, Chicago, Illinois. 
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able differences in concentration have been 
actually found in the composition of the grain 
boundaries and the bulk of the grains. In a 
recent book published by Taylor’? the micro- 
radiograms indicate clearly very distinct differ- 
ences in composition of certain alloys in grain 
boundaries, and in the grains themselves. 

Some investigations done recently in Stock- 
holm by Benedicks and myself (using a special 
chemical technique of tracing the composition 
of thin sheets by volatilizing some components 
of the metal and leaving the others in situ) 
leave no doubt that we have to reckon with 
great differences in composition in the grain 
boundaries and in the bulk. This is not sur- 
prising, either, if we remember that the differ- 
ence in surface tension (surface energy) 
between different planes (e.g., r-o and 1-1-1) of 
the same crystal may be estimated to be as 
high as 300 ergs per square centimeter. This is 
quite a high value for the interface free energy, 
which must, of course, have the tendency to 
decrease by concentrating (adsorbing) capil- 
lary-active substances in accordance with 
Gibb’s law of adsorption. 

Why do I say all this? Because if we take up 
again Rosenhain’s theory and substitute for his 
term “amorphous substance” in the grain 
boundaries the words ‘‘substance of different 
composition,” and, consequently, of different 
properties, we may well be successful in retain- 
ing all that is good in his theory without being 
forced to accept the rather difficult conception 
of amorphous state in grain boundaries. 

What results from this point of view is that 
equilibria in solid metals must be considered 
with respect to the presence of interfaces pos- 
sessing free energy. As has been shown by J. J. 
Thomson, the latter will influence these equilib- 
ria and the reactions will be shifted by the 
presence of grain boundaries in such direction 
as to produce predominantly the products that 
lower the surface tension. 

On the other hand, systems usually are 
treated from the thermodynamic point of view 
with exclusion of presence of any external force. 
We are justified in expecting the influence of 
such forces (stresses and strains) on the equilib- 
ria, and the equilibria in the grain boundaries 
should be most sensitive to it. 

If, instead of amorphous ones, we now assume 


7 Taylor: X-Ray Metallography, 323-325 
London, 1945. 
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grain boundaries having different composition 
(and different mechanical properties) caused by 
adsorption equilibria, and if we consider our 
system under stress, we should expect that the 
state of equilibrium corresponding to the stress 
conditions will be different from that in the 
metal without stress. The shifting of this 
equilibrium state will occur with a definite 
speed, involving some energy of activation 
similar to this assumed by Dr. Zener. If we 
come back from the state of stress to that of 
relaxation, similar shifting will occur in opposite 
directions. 

I do not think that the assumption of any 
amorphous state is really necessary to explain 
the phenomena treated by Dr. Zener. The 
existence of the different compositions at the 
grain boundaries because of the adsorption 
equilibria should be sufficient and—although 
I cannot be more precise at present—should 
work in the same direction as Rosenhain’s 
theory of amorphous state in the way that was 
pointed out by Dr. Zener. 


C. ZENER.*—As I recall Rosenhain’s work, 
he speaks of grain boundaries behaving in a 
viscous manner. In order that a shearing stress 
may be gradually relaxed in a viscous manner 
across a surface, it is not necessary that an 
amorphous region shall exist; it is merely neces- 
sary that the atomic arrangement across the 
boundaries be of a noncrystalline character. 
Obviously, at the boundary of two grains, 
unless the two grains are twins, the atoms on 
the two sides of the boundary are not arranged 
in a common geometrical pattern. So it is not 
at all necessary that there be an amorphous 
region for shear stress relaxation. As Dr. Skap- 
ski has said, the rate of such stress relaxation 
should be greatly influenced by the impurities 
that lower the surface tension; which, therefore, 
concentrate along the grain boundaries. 

If the difference must occur from deep in the 
interior, then I can say that is not correct 
because the kinds of diffusion are too large. 
However, he would say the diffusion would 
occur from a short way off. He may of course be 
right. We are conducting experiments on 
mercurials, which if they give the same result, 
will I think, indicate that that viewpoint 
cannot be adopted. 


* Professor of Metallurgy, University of 
Chicago, Chicago, Illinois. 


J. C. McDonaLp.*—I would like to report 
an experimental observation which Dr. Zener 
might like to incorporate in his general theory of 
metals. We believe that magnesium is an 
exception to the statement that when stressed 
to rupture over long periods of time, their 
ductility decreases. Most of thealloys we have 
studied over a considerable range of tempera- 
ture and up to times of a thousand hours have 
the same or higher ductilities at fracture as in 
a short-time test. 


W. B. Brooks. t—The subject of anelasticity 
is one of intense practical. importance, and it 
has not received enough attention. It seems to 
me that precise conformance to Hooke’s law 
would detract greatly from the useful properties 
of our structural steels and cause them to be- 
have in a very brittle manner. It has come as a 
shock and disappointment to some who practice 
as engineers to discover that structural steels do 
not exactly conform to Hooke’s law, and that 
some of them possess distinctly curvelinear 
stress-strain relationships at stresses well below 
their yield strengths. Indeed, such steels have 
been avoided often in applications wherein a 
relatively high degree of anelasticity would 
have been most desirable. In massive and 
monolithic types of structures of a material 
having complete elasticity, stress-concentra- 
tion effects would be disastrous, and severe 
dynamic loads would be transmitted un- 
diminished to points of weakness. It is hoped 
that the authors will continue their work on this 
important subject. 


C. ZENER. {—As has been pointed out by Dr. 
Skapski, a concentration of impurity atoms at 
grain boundaries will have a marked effect upon 
the rate of shear stress relaxation across these 
boundaries. It is believed, however, that his 
view is incorrect that the change of concentra- 
tion of impurities at the boundaries due -to 
stress application gives rise to the observed 
anelastic effects. The anelastic effects arising 
from such changes in concentration would be 
several orders of magnitude smaller than are 
observed. Dr. Skapski is right in saying that the 


p * The Dow Chemical Co., Midland, Mich- 
igan. 

T Metallurgist, Alloys Development Co., 
Pittsburgh, Pennsylvania. 

t Contributed for W. A. West, the author, 
who has returned to the University of Beirut, 
Syria. 
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DISCUSSION 


presence of an amorphous layer at grain 
boundaries has never been demonstrated. An 
amorphous layer of finite width is not, however, 
necessary in order that shear stress be relaxed 
in a viscous-like manner. It is merely necessary 
that the atoms on one side of a grain boundary 
have no crystallographic relation to the atoms 
on the other side of the boundary. The laws 
that govern the resistance of the grain bound- 
ary-to shear stress will then be different from 
the laws that govern the resistance to shear 
stress of a crystallographic plane in a single 
crystal. The laws will be more akin to those 
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that govern the resistance to shear of amor- 
phous substances. 

The absence of the loss of ductility of mag- 
nesium alloys under creep conditions, men- 
tioned by Mr. McDonald, suggests that in 
these alloys relaxation of shear stress across 
grain boundaries is negligible under creep condi- 
tions. It would be anticipated that in these 
alloys the anelasticity associated with grain- 
boundary slip will be anomalously small. 

Mr. Brooks can be assured that the further 
study of the anelasticity of metals is being 
vigorously pursued. 











Vicalloy—a Workable Alloy for Permanent Magnets 


By E. A. Nessitrt* 
(Chicago Meeting, February 1946) 


ABSTRACTT 


A NEW permanent-magnet material has 
been developed with unusual mechanical 
as well as magnetic properties. Specimens 
that have been cast or subjected to a small 
amount of hot reduction by rolling or 
swaging may be machined, punched, 
tapped or drilled. 

The composition range of the alloys is 
30 to 52 per cent iron, 36 to 62 per cent 
cobalt and 4 to 16 per cent vanadium. 
After being either quenched, annealed or 
given the usual cold finishing passes and 


1.0 X 10® gauss-oersteds. This product is 
equivalent to that of the well-known Honda 
steel (36 per cent Co, 4W, 2 Cr, 0.8 C 
0.3 Mn, balance Fe). 

Material handled in the manner just 
described does not depend on cold-working 
for its magnetic properties, and is known 
as Vicalloy I. The preferred composition 
for Vicalloy I is 38.5 per cent iron, 52 per 
cent cobalt and 9.5 per cent vanadium. 
When the alloys are first hot-worked, then 
considerably reduced in area by cold- 
swaging, drawing or groove rolling and 




















Attempted 
Composition, | Magnetic Properties 
Designation Per Cent Treatment 
| " 
Fe Co Vv | B; He BHio-* 
| 
Vicalloy II........ 44 52 Hot-swaged, 87° per cent cold reduction, | 18,000 55 0.7 
600°C. aging 
Vicalloy II........ 38.5 | 53-5 Hot-swaged, 94 per cent cold reduction, | 14,200 130 1.4 
600°C. aging 
Wieatioy TI. .....%: 38 52 10 | Hot-swaged, 75 per cent cold reduction,| 11,700! 195 1.4 
600°C. aging 
i. ee 38 52 10 | 20 min. at 1200°C, quenched in oil,| 9,000! 300 1.0 
600°C. aging 
Viowtlogy: Toc sc. saa: 38 52 10 | 1 hr. at 1100°C, furnace-cooled, 600°C.| 8,630} 399 | 1.0 
aging 
Vicalloy II........ 38 52 II Hot-swaged, 75 per cent cold reduction, | 11,000 | 270 | x .9 
600°C. aging 
pe) ee 35 53 12 Hot swaged, 92 per cent cold reduction, | 10,500 300 2.0 
600°C. aging 
Vicalloy II........ 35 52 13 | Hot swaged, 91 per cent cold reduction,| 10,000] 375 2.4 
600°C. aging 
Vicalloy II........ 34 52 14 | Hot swaged, 98 per cent cold reduction,| 10,000} 525 | 3.6 
600°C. aging | 











then heated for 2 hr. at 600°C., such mate- 
rials have a magnetic energy product of 





* Bell Telephone Laboratories, Murray Hill, 
New Jersey. 

t Manuscript received at the office of the 
Institute Sept. 4, 1945. Issued as T.P. 1973 in 
METALS TECHNOLOGY, February 1946. The 
entire paper appears in Trans. A.I.M.E. 
(1946) 166, 415. 


then heat-treated, the magnetic energy 
product measured in the direction of pre- 
vious extension is increased to 2.0 to 
3-5 X 10° gauss-oersteds. These higher 
values have been obtained only after cold 
reductions in area of 75 to 95 per cent. 
Material handled in this manner is known 
as Vicalloy II and the preferred composi- 
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tion is 35 per cent iron, 52 per cent cobalt, 
and 13 per cent vanadium. 

These alloys differ from the usual type 
of age-hardening alloys in that the gamma 
phase, stable at high temperatures, is dis- 
persed in the alpha phase stable at low 
temperatures, instead of vice versa. The 
cold-working transforms the gamma to the 
alpha phase and the subsequent aging at 
600°C. transforms part of the alpha back 
to the gamma phase, so that the age- 
hardened alloy consists of the alpha phase 


A. NESBITT 
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with a small amount of gamma phase dis- 
persed in it. 

The accompanying table gives the 
permanent-magnet properties on a series 
of alloys of varying vanadium content after 
different mechanical and thermal treat- 
ments. Outstanding values shown in the 
table are a residual induction of 18,000 
gauss for the 4 per cent vanadium alloy, 
and a maximum energy pfoduct of 3.6 X 10° 
gauss-oersteds for the 14 per cent vanadium 
alloy. 











Grain-growth Inhibitors in Steel 


By James W. HAtitey,* Memser A.I.M.E. 
(Chicago Meeting, February 1946) 


‘‘ FINE-GRAINED” steels have been stand- 
ard products for many years. This paper 
describes an investigation of the effects of 
some of the more common grain-growth 
inhibitors used to produce these steels. The 
properties, response to heat-treatment, and 
the deoxidation practice necessary to 
produce “fine-grained” steels have been 
the subjects of numerous papers. It has 
been shown that a substantial quantity of 
aluminum is necessary to produce this type 
of steel, and it has been indicated that 
titanium and zirconium produce a similar 
result. For some time there was a lively 
argument between those who felt that 
aluminum refined the grain and those who 
felt that aluminum oxide was the effective 
agent. This argument subsided with an 
apparent victory for those promoting 
aluminum oxide. Most of the work on 
grain size has divided steels into two broad 
classifications based upon McQuaid and 
Ehn’s original carburizing test at 1700°F. 
or some similar test at this temperature. 
If the steel coarsened at this temperature, 
it was coarse grained, while if it did not it 
was fine grained. Quantitative data con- 
cerning how much a certain amount of 
aluminum raised the coarsening tempera- 
ture and affected the properties, all other 
factors being constant, are very meager. 
Similar information regarding titanium 
and zirconium is practically nonexistent. 

The published information on aluminum 
yields some quantitative information. Ep- 
stein, Nead and Washburn! gave the first 

Manuscript. received at the office of the 
Institute Dec. 26, 1945. Issued as T.P. 2030 in 
METALS TECHNOLOGY, June 1946; also in Open 
Hearth Proc., 1946. 

* Metallurgist, Inland Steel Co. East 


Chicago, Indiana. 
1 References are at the end of the paper. 


quantitative information on the amount of 
aluminum necessary to prevent grain 
growth at 1700°F. They showed that the 
addition of a pound to a pound and a half 
of aluminum per ton (0.05 to 0.075 per 
cent) would assure steel that would not 
coarsen during a McQuaid-Ehn test at 
1700°F. Herty, McBride and Hough? 
reported that a steel containing 0.020 per 
cent acid-soluble aluminum coarsened be- 
tween 1742° and 1832°F., while steels con- 
taining 0.016 per cent and 0.017 per cent 
acid-soluble aluminum coarsened between 
1652° and 1742°F. compared with similar 
aluminum-free steels that started to 
coarsen at 1580°F. Herty® also showed a 
marked improvement in low-temperature 
notched impact resistance with increasing 
acid-soluble aluminum up to 0.030 per 
cent. McQuaid‘ compared the coarsening 
of steels containing 0.011 to 0.204 per cent 
total aluminum and found a maximum 
coarsening temperature at 0.098 per cent 
aluminum. He had no samples between 
0.015 and o.098 per cent aluminum. 
Houdrement® found a marked decrease in 
coarsening temperature with aluminum 
contents above o.50 per cent. Kinzel, 
Crafts and Egan® found that aluminum 
and zirconium improved the low-tempera- 
ture impact resistance of a low-alloy steel, 
while titanium was detrimental. Sims’ 
shows that sulphur increases the coarsen- 
ing temperature and that the maximum 
coarsening temperature is between 0.04 
and 0.06 per cent added aluminum. The 
fact that the coarsening temperature 
passes through a maximum with increasing 
aluminum content appears to be well 
established. The aluminum content that 


224 

















-y 












































N 
N 
‘yoUq Suyvypnsul ainjyesadura}-ysrpy “Pv ‘sajduieg *z 
9/4N0d [01}UOD Joy aqny uorjoa}01g *S ‘S}uIWI]a Surpvay Ivqojry) “f ‘OWN 1 
“MOVNAUNA LNAIGVAD aan LvaddN ay, —'I “OL ] 
ree nwt eee em wef wm mn wm wm ew wm wm eo we eee 1 en ee 
' r] a ‘\ 
' : af \ 
+ ' ios ile Pics BF ae ate oe oe \ 
E epee eis epee o 
_ Pee SS SS SR OS a Sr Te oi ee ee aT er ae _ \ 
—_ ' ¢ € ! 
~ i ! 7 
on | ‘ 7 i 
a é i a ! 
' , 2 eR So ee = as oe ae i 
a ' 
- ’ ' a ee oe ee poe ' 
7 ' ‘ : é ee ee 
eee ee eS ee oe ene. aoe eee - =< ool 4; 
G3 ' i 1 Se oe = = >. 
= ' ' Sieeteteetin leuletiedielientedienidied tie eee eS | S 
‘ | | ' i 
= , are. CoS eee n----------4 , 
' ' me 
' | “~ r 
_—ae @ =i © = as i Gb ee ae & —~e3e 3, ee ee | Oe ew ww ew ee pew ee ee 4 ‘ ' 
' * 
1 £ ‘ i 
os (Sa) Davee gaat etd Se Sowa G Pee 
‘ ' ‘ t 
' ‘ ‘\ / 
‘ v ‘\ 4 
’ . ‘ 4 
i Re a te gee. og AEE Treas ~ ee 
v 


























a wae 


pe en ree 


din enagiie eS 








226 GRAIN-GROWTH INHIBITORS IN STEEI 


gives the maximum coarsening tempera- 
ture appears to be somewhere between 
0.020 and o.10 per cent of metallic or acid- 
soluble aluminum. 

The only information on titanium and 
zirconium appears to be by Comstock.*® 
He added titanium to steels containing 
relatively large amounts of aluminum 
(0.05 to 0.15 per cent) and, with over 0.24 
per cent titanium, obtained coarsening 
temperature higher than 1950°F. A steel 
containing 0.036 per cent zirconium 
showed no increase in coarsening tem- 
perature and 0.098 per cent zirconium 
produced a marked lowering of the coarsen- 
ing temperature. 

The temperature at which a steel 
coarsens can be determined by heating a 
number of samples to successively higher 
temperatures. The samples are cooled at a 
rate to outline the austenite grains so that 
coarsening can be followed. In the present 
investigation, this procedure has been 
greatly simplified by heating samples in a 
gradient temperature furnace. The use of 
such a furnace so facilitates studies of 
grain coarsening that a detailed description 
of the procedure is warranted. A schematic 
drawing of the furnace is shown in Fig. 1. 
The muffle is made of }4-in. thick heat- 
resisting plate so that it will conduct an 
appreciable quantity of heat out from the 
hot end. Heat is provided by two Globar 
heating elements placed just beyond the 
back end of the muffle. The specimens 
consist of }4-in. square bars 5 in. long. 
The position of the muffle and the setting 
of the control couple to produce the de- 
sired gradient were determined by trial. 
A dummy specimen with 18-gauge chromel- 
alumel thermocouples at 14-in. intervals 
was placed in the muffle for adjusting and 
calibrating. Fig. 2 shows the temperature 
gradient used. The muffle is sufficiently 
massive so that the number of specimens 
makes no appreciable change in the tem- 
perature gradient. About 2 hr. is required 
for the furnace to reach a stable condition. 


The gradient will change slowly over a 
long period of time because of decreasing 
thickness of the muffle at the hot end. The 
furnace is checked with the dummy sample 
before each run. 

Low-carbon samples are oil-quenched 
from the furnace, sectioned longitudinally, 
polished and etched in nital. The tempera- 
ture range during which coarsening occurs 
shows very clearly on the etched bars. 
Fig. 3 shows a series of samples containing 
increasing amount of aluminum. Since the 
grain coarsening occurs over a range of 
temperature, the results of the test are 
reported as two temperatures. The lower 
is the temperature at which the first coarse 
grains are found and the higher is the 
temperature at which fine grains have dis- 
appeared. Tests are usually run for periods 
of 2, 4 and 8 hr. There is a slight decrease 
in grain-coarsening temperature with in- 
creasing time. 

When the furnace was first built there 
was some question as to whether or not a 
temperature gradient would affect the 
coarsening temperature. Tests were run 
on several hundred steels and compared 
with the results of McQuaid-Ehn car- 
burizing tests. The tests in the gradient 
furnace were run for periods of 2, 4 and 8 
hr., since it was not known how long the 
McQuaid-Ehn tests were at 1700°F. 
when the carburizing box was at this 
temperature for 8 hr. A perfect correlation 
was found between the McQuaid-Ehn 
tests and the gradient furnace tests heated 
for 4 hr. Steels that had not started to 
coarsen after 4 hr. at 1700°F. were fine 
grained in the McQuaid-Ehn tests; steels 
that started to coarsen below 1700°F., 
but were not completely coarsened at this 
temperature, had a mixed grain size in 
the McQuaid-Ehn test; and steels that 
were completely coarsened below 1700°F. 
were coarse grained in the McQuaid-Ehn 
test. 


The effect of individual elements on 
grain coarsening was investigated by add- 
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ing increasing amounts of the elements to a 
series of ingots of an open-hearth heat. 
Additions of 14, 4, 1, 2 and 4 lb. per ton 
were made to successive ingots. Samples 


2100 


HALLEY 227 


per cent silicon were used for all of the 
series. Before grain-coarsening or physical 
tests were made, the samples were normal- 
ized from 1600°F. Results of an alumin- 
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Fic. 2.—TEMPERATURE GRADIENT IN COARSENING FURNACE. 


were taken from the middle cut of each 
ingot and forged to 1-in. rounds, which 
were used for grain coarsening and physi- 
cal tests. Steels of about 0.30 per cent 
carbon, 0.80 per cent manganese and 0.25 


TABLE 1.—Chemical Analyses of Aluminum 








um series are shown in Tables 1, 2, 3 
and 4. 

The results of the coarsening test shown 
in Table 2 reveal a maximum coarsening 


TABLE 2.—Grain-coarsening Tests of Alu- 
minum Series 




















Series 

Alu- Chemical Analysis, Per Cent 

mi- | ___ 

cum} || | 

. « a | Acid- 

Lb. | Cc |Mn| P| S | Si| Ti | S| al0, 
per AL 

Ton | ‘ 

as Te i ae 

None |0.31/0.79/0.019/0.027/0. 23/0. 001 0.001 
4 |0.291/0.79/0.019,0.026/0. 23/0 .001/0.001/0.008 
i 0. 28/0. 79/0.019|0.026/0.23/0.001 0.009 0.008 
I |©.29/0.79|/0.020/0.027/0.23/0.001/0.038 0.008 
2 |0.29|0.79|/0.024/0.027/0.22|0.0010.073,0.010 
4 sata he: Stasi vie ace Meh 0.169/0.008 














Grain-coarsening Temperature, 
Acid-soluble Deg. F. 
— 
“Te 2 Hr. 4 Hr. 8 Hr. 
Heating Heating Heating 
° 1530-1730 | I510-1730 | 1500-1720 
0.001 1540-1770 | 1540-1750 | 1540-1750 
0.009 1730-1780 | 1710-1750 | 1700-1730 
0.038 | 1790-1840 | 1730-1790 | 1740-1780 
0.073 1640-1830 | 1640-1820 | 1640-1820 
0.169 1540-1820 1540-1800 | 1540-1800 





temperature in the neighborhood of 0.028 
per cent acid-soluble aluminum. This is 
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shown graphically in Fig. 4, in which the 
mean of the grain-coarsening temperature 
after 4 hr. heating is plotted against the 
acid-soluble aluminum content. In addition 
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though there is a slight increase in strength 
and decrease in reduction of area with the 
larger additions. The notched impact 
resistance tabulated in Table 4 is greatly 
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@ ACID SOLUBLE ALUMINUM 
Fic. 4.—EFFECT OF ALUMINUM ON COARSENING TEMPERATURE. 


to the lowering of the coarsening tem 
perature by additions of over 0.028 per 
cent acid-soluble aluminum, the coarsening 
range is greatly widened by the higher 
aluminum additions. Larger quantities of 
aluminum lower the temperature at which 
coarsening starts, but cause little change 
in the temperature at which it is completed. 

The tensile properties in Table 3 show 
little change with increasing aluminum, 


TABLE 3.—Tensile Properties of Aluminum 
Series 





Acid- | viela | Tensile 


Elonga- Reduc- 
soluble |p. int, Lb. | Strength, 


tion Per tior 








hae | per Sq. Lh. per Cent in Area, 

es Cc 7 Jor Cent 

Per Cent | In. | Sq. In. 2 In. Per Cent 
0 52,000 | 76,000 | 32.5 60.0 
0.001 | 51,000 76,000 31.2 47.5 
0.009 | 51,000 77,000 31.0 52.5 
0.038 | 52,000 | 76,000 32.5 58.0 
0.073 | 55,000 | 78,000 30.0 53.6 
oO. re) 53.6 


169 | 55,000 79,000 | 31. 





improved by the addition of aluminum. 
The temperature at which brittle failure 
appears is reduced markedly and the 
amount of energy absorbed at room tem- 
perature is increased. This is not com- 
pletely a grain-refining effect, because the 
largest aluminum addition reduces the 
temperature at which coarsening started 
to below the normalizing temperature of 
1600°F. but does not raise the temperature 
of brittle failure. 

The effects of titanium were investigated 
by adding metallic titanium to series of 
ingots from two heats. Low-carbon ferro- 
titanium could not be used because of its 
high aluminum content. The analyses and 
properties of these series are shown in 
Tables 5, 6, 7 and 8. 

Titanium increases the coarsening tem- 
perature continuously up to 0.17 per cent 
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TABLE 4.—Notched Impact Resistance of Aluminum Series 














Saliciiala lie Charpy Impact, Foot-pounds 
eee. ——— 
a 75°F. o°F. — 25°F. — 50°F. — 75°F. —100°F. 
e | é 
° 35.0-36.0 22.5-22.5 18.0-18.0 16.0-3.5 3.0-2.0 2.0-2.0 
0.001 37.0-35.0 26.5-25.0 24.§-21.0 | 20.0-20.0 I5.0-2.5 6.0-2.0 
0.009 39.0-38.0 30.0-30.0 28.0-28.5 | 28.5-25.5 20.5-19.5 17.5-3.0 
0.038 41.0-40.0 35 .5~33.5 28.5-28.0 | 25.0—-21.5 21.0-20.0 19.0-17.0 
0.073 37.0-39.0 29.0-30.0 20.5-24.0 22.0-26.5 23.0-20.0 22.0-20.0 
0.169 37.0-38.0 30.0-32.0 29.0-27.5 25.0-25.5 26.0—-24.5 21.0-17.0 











titanium (Table 6). The mean of the 
coarsening ranges after 4 hr. heating of 
both series is plotted in Fig. 5. Small 
titanium additions do not cause as great an 
increase in coarsening temperature as 
similar aluminum additions, but since 
large aluminum additions cause a lowering 
of the coarsening temperature, much 


TABLE 5.—Chemical Analyses of Titanium 














Series 
Titanium Chemical Analyses, Per Cent 
Addition, 
Lb. per 
Ton C |Mn/ P Ss Si | AlzOg?) Ti 
None [0.35/0.83/0.021/0.026/0.24| 0.006'0.003 
3 0.34|0.82/0.020/0.027/0.24| 0.006'0.008 
0.34/0.82/0.019/0.025|0.24) 0.006'0.016 
I 0.30/0.82/0.018/0.025|0.24| 0.006/0.033 
None /0.30/0.69|0.022/0.028|0.22| 0.004/0.003 
4 0.31/0.70/0.024/0.029/0.22| 0.006/0.008 
I 0.31|0.67\0.023/0.028\0.22) 0.004/0.040 
2 0.31/0.70/0.023|0.025|0.22' 0.006/0.085 
4 0.33/0.71|0.022/0.025/0.22) 0.006/0.170 


























* All the aluminum was found to be in the form of 
Al2Os. 


TABLE 6.—Gratn-coarsening Tests of Titan- 
ium Series 








higher coarsening temperatures can be 
reached with titanium than with alu- 
minum. If the logarithm of the titanium 
content is plotted against the coarsening 
temperature, a straight line relation is 
found as is shown in Fig. 6. 


TABLE 7.—Tensile Properties of Titanium 
Series 





ee Yield | Tensile | Elonga- | Reduc- 

a Point, |Strength,| tion in | tion of 

Per Cent Lb. per | Lb. per 2In., | Area, 
Sq. In. | Sq. In. | Per Cent Per Cent 





.003 50,000 | 81,000 | . - 








° 8 56.2 
0.008 52,000 | 81,000 | 32.2 58.9 
0.016 52,000 | 81,000 | 31.8 54.8 
0.033 56,000 | 84,000 29.5 50.1 
0.003 42,000 | 77,000 32.2 59.2 
0.008 48,000 | 77,000 32.2 59.8 
0.040 51,000 7,000 32.8 58.6 
0.085 56,000 | 80,000 32.5 60.3 
0.170 55,000 | 80,000 31.2 60.4 











Grain-coarsening Temperature, 
Ti . Deg. F. 
itanium 
Content. 
veh poco 2 Hr. 4 Hr. 8 Hr. 
Heating Heating Heating 
0.003 1400-1620 | 1400-1620 | 1400-1620 
0.008 1570-1700 | 1560-1680 | 1500-1660 
0.016 1680-1750 | 1680-1750 | 1660-1740 
0.033 1760-1830 | 1710-1790 | 1710-1740 
0.003 1420-1640 | 1410-1640 | 1400-1600 
0.008 1480-1740 | 1460-1720 | 1420-1650 
0.040 1770-1850 | 1720-1820 | 1720-1800 
0.085 1830-1925 | 1830-1900 | 1770-1850 
0.170 1900-1940 | 1870-1940 | 1854-1910 














The results of tensile tests recorded in 
Table 7 make it clear that titanium addi- 
tions result in an appreciable increase in 
yield point and tensile strength with little 
change in ductility. 

The impact results of Table 8 demon- 
strate that titanium has much less effect 
than aluminum ‘on the notched impact 
resistance. Small additions result in some 
decrease in the temperature of brittle 
failure and in a modest improvement in 
room-temperature resistance. This is prob- 
ably a grain-refining effect, as there is little 
improvement until the coarsening tem- 
perature is raised above the normalizing 
temperature. Large additions are detri- 
mental to the notched impact resistance 

















nee. 








despite the extremely fine grain size re- 
sulting from these large additions. 


The effect of titanium and aluminum 


together were indicated in an aluminum 
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first aluminum series. The higher titanium 
resulted in an appreciable increase in 
coarsening temperature. This shown in 
Fig. 6 in which the mean of the coarsening 
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Fic. 5.—EFFECT OF TITANIUM ON COARSENING TEMPERATURE. 


series made from a heat in which enough 
ferrocarbon titanium was added to the 
ladle to give a residual titanium content of 
0.005 per cent. This heat is practically 
identical in composition and _ physical 
properties with the heat described for the 


temperature after 4 hr. heating is plotted 
against the aluminum content. 

A zirconium series was made by adding 
mixtures of ferrosilicon zirconium and 
ferrosilicon to a series of ingots of a low- 
silicon heat. This involved the addition of 


TABLE 8.—Notched Impact Resistance of Titanium Series 








Charpy Impact, Foot-pounds 














Titanium | 

Content, ~— —~ a —— 

Per Cent ‘ E 

Cc | 75°F. o°F. ~ 25°F. — 50°F. —75°F. | —rz00°F. 

0.003 29.0-26.0 | 21.0-19.5 18.5-14.5 3.0-2.5 | 2.5-2.0 2.0-2.0 
0.008 32.0-30.0 25.0-17.5 21.0-15.5 3.0-3.0 7.0-2.5 2.0-2.0 
0.016 28.0-27.5 | 24.0-19.5 20.0-19.0 18.0-17.0 | 17.0-1§.5 6.0-3.0 
0.033 30.0-27.5 | 25.0-21.5 21.0—-19.5 17.5-16.0 | 17.0-16.0 15.0-4.0 
0.003 36.5-34.0 27.0-24.5 21.0-12.0 | 18.0-3.5 | 7.5-3.0 4.5-2.5 
0.008 36.0-34.0 |. 25,5-25.0 18.5-4.0 | 21.5-19.0 | 2.5-2.5 3.5-2.5 
0.040 42.0-39.5 | 28.5-28.5 23.0-22.5 | 25.0-23.0 | 21.5-19.0 12.0-7.0 
0.085 41.5-40.5 28 .0-25.5 23.5-23.5 | 24.0-20.5 | 20.0-19.0 I2.5-3.0 
0.170 | 37.0-36.0 25.0-24.0 23.0-23.0 22.5-..-. | 19.5-17.5 4.0-2.5 
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F1G. 6.—LOGARITHM OF TITANIUM CONTENT AGAINST COARSENING TEMPERATURE. 
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small amounts of aluminum and titanium, 
but much less than would have been added 
if low-silicon ferrozirconium had been used. 
The analyses and properties of the zir- 


1800 


JAMES W. HALLEY 


per cent. The mean of the coarsening tem- 
perature after 4 hr. heating is plotted 
against the zirconium content in Fig. 7. 


Zirconium causes a slight increase in 
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Fic. 8.—EFFECT OF ZIRCONIUM ON COARSENING TEMPERATURE. 


conium series are shown in Tables 9, 10, 11 
and 12. 


TABLE 9.—Chemical Analyses of Zirconium 








TABLE 10.—Grain-coarsening Tests of Zir- 
conium Series 





Grain-coarsening Temperature, 
D 








Zirconium | es. F. 
contest | 
H ’ 
— | 2 Hr. 4Hr. | 8Hr. 
| Heating Heating | Heating 
| 
siaiietiiakchecaibnialaag | ” 
None 1470-1570 | 1460-1530 | 1400-1500 
0.009 1500-1650 1470-1560 1450-1540 
0.021 1580-1720 | 1500-1670 | 1480-1600 
0.038 1610-1790 | 1530-1700 | 1500-1660 
0.134 1640-1810 | 1580-1750 | 1540-1700 





Series 
Zir- 
or Chemical Analysis, Per Cent 
nium 
Addi. | 
tion, |-——————— ———- - 
Lb. | | 3, 
} | i | | io 
per | | s | | & 
Ton 2 iwnmnilial«€ N 
ane Wt Ee PRT a as OR eee 8 
None |0. 29/0. 79 0.020'0.028'0. 23'0.012 
14 |0.20/0.79 0.015|0.027,0.24'0.014 0.009 
bg (0.300.788 0.015 0.028 0.25 0.014 0.021 
I |0.28'0.77/0.018.0.027/0. 25 0:014'0.001/0.038 
4 o 


28|0.79'0.015'0.019 0.250.018 0.003 0.134 





2 All the aluminum was found to be in the form of 
AlsOs. 


The coarsening-temperature tests of 
Table 1o show that zirconium is less ef- 
fective than either aluminum or titanium 
as a grain refiner. The increase in coarsen- 
ing temperature caused by zirconium is 
not large, though continuous, up to 0.13 





yield point and decrease in ductility (Table 
II). 

Despite its modest effect on grain 
coarsening and tensile properites, the 
values in Table 12 demonstrate that 
zirconium has a profound effect on 
notched impact resistance. The tem: 
perature of brittle failure is reduced sub- 
stantially by small additions, and the 
room-temperature resistance is increased. 
This is an alloying rather than a grain- 
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refining effect because the improvement in 
notched impact resistance is evident 
before the coarsening temperature is 
raised to the normalizing temperature. 


TABLE 11.—Tensile Properties of Zirco- 
nium Series 























Zir- Yield Tensile | Elonga- | Reduc- 
conium Point, | Strength,| tion, Per} tion of 
Content,| Lb. per | Lb. per | Cent in Area, 

Per Cent | Sq. In. Sq. In. 2 In. Per Cent 
None 46,500 77,000 32.5 62.0 
0.009 47,000 76,000 31.2 61.3 
0.021 47,000 77,000 23.2 61.4 
0.038 48,000 76,000 30.0 59.1 
0.134 48,000 75,500 32.0 58.7 

CONCLUSIONS 


The three elements differ in type as 
well as in degree of grain-inhibiting tend- 
ency. Aluminum is most effective as a 
grain-growth inhibitor when 0.028 per 
cent as acid-soluble aluminum is present. 
It is difficult to reconcile this critical 
amount with any theory involving grain- 
growth inhibiting by an aluminum oxide. 
The simple relation between titanium 
content and coarsening temperature indi- 
cates that the mechanism of grain-growth 
inhibiting by titanium is much less com- 
plex than that of aluminum. This relation- 
ship is perfectly compatible with, though 
not a proof of, grain-growth inhibiting by 
titanium carbide. Zirconium is less effec- 
tive than either aluminum or titanium as a 
grain refiner. 

The improvement in notched impact 
resistance at low temperatures by these 
elements is more of a direct alloying effect 
than the result of grain refinement. Grain 


refinement does improve the notched 
impact resistance and it is therefore dif- 
ficult to distinguish alloy and _ grain- 
refining effects. Considering the alloying 
effects alone, aluminum and zirconium are 
beneficial to low-temperature impact re- 
sistance, and titanium is detrimental. 
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TABLE 12.—Notched Impact Resistance of Zirconium Series 




















: ha Impact, t- d 
Zirconium Charpy Impact, Foot-pounds 
Content, — : Y 
Eee 75°F. o°F. — 25°F. — 50°F. | —75°F. | —r100°F. 
i 
Bs. | i | 
None 40.0-36.5 28.0-24.0 24.5-15.0 3.0-3.0 | 2.5-2.5 | abies 
0.009 38.5-37.0 33.5-31.0 31.5-28.0 25.0-16.5 | 3.0-3.0 | nip tp 
0.021 44.5-44.0 35.0-29.5 30.5-29.0 25.0-23.0 | 21.5-21.0 | 17.5-2.5 
0.038 45 .5-40.0 35.0-31.5 30.0-28.0 24.0-22.5 | 23.5-23.0 22.0-3.5 
0.134 41.5-38.0 34.0-32.5 27.0-26.5 27.0-24.0 31 .0-20.5 og ee 
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DISCUSSION 
(R. L. Forrest presiding) 


C. E. Stms.*—These are interesting data, 
which have been well presented. It was noted 
that there were differences in the effects of 
aluminum, titanium, and zirconium, notably 
in regard to notched-bar impact resistance at 
low temperatures. As Mr. Halley has pointed 
out, part of this seems to be an alloying effect, 
but there is also a coincidental change in 
inclusion types, which produces a superim- 
posed effect. When small amounts of aluminum 
are added to steel, the silicates disappear, and 
the sulphides are changed from globular form 
to a eutectic type. Larger additions, sufficient 
to supply an appreciable unoxidized residue, 
reverse the form of the sulphides to a more 
massive, angular type. | 

The eutectic sulphides have a distinctly 
adverse effect on the notched-bar impact 
values, and the superior low-temperature 
properties are not obtained until the eutectic 
is destroyed with residual aluminum. This 
effect on notched-impact values is more pro- 
nounced in cast steel and is least apparent in 
rolled steel when the test is taken in the direc- 
tion of rolling. Transverse tests may show the 
effect in an accentuated degree. 

Zirconium produces the same eycle of changes 
in the sulphides as aluminum, but titanium 
acts differently. Small additions of titanium, 
but larger than required for aluminum, produce 
the eutectic type sulphides, but additional 
amounts do not reverse the trend. Instead, 
a more extreme eutectic type is produced, 
which turns light pink in color, indicating the 
formation of titanium sulphide. 

Resistance to grain growth in aluminum- 
deoxidized steels has been attributed, in the 
past, to the presence of aluminum oxide. Con- 
siderable doubt has been cast on this belief of 
late, and it can be shown, for instance, that 
Al.O; may be present when there is no inhibi- 
tion to grain growth, that is, in a coarse- 
grained steel. A large number of careful analyses 
indicate that Al,O; tends to reach a constant 
level of about o.o1 per cent in aluminum- 
deoxidized steels regardless of the aluminum 
addition. It is so constant, in fact, that the 


* Battelle Memorial Institute, Columbus, 
Ohio. 
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best way to determine residual aluminum in ; 
steel seems to be to determine the total content 
spectrographically and subtract 0.005 per cent 
for the aluminum contained in the oxide. 
Residual aluminum, moreover, is necessary for 
fine grain. After the oxygen is satiated, the 
residual aluminum can form other compounds, 
such as nitride, sulphide, or even carbide. 

It has been postulated that the causative 
factor in grain-growth inhibition must be a 
material that has an appreciable solid solu- 
bility in steel and that this solubility varies 
with temperature. This material is deposited 
in the boundaries of newly formed austenite 
and acts as a mechanical barrier to diffusion 
until such a temperature is reached that the ) 
barrier is dissolved. 

In aluminum-killed steels, aluminum nitride ) 
seems to have all of the properties necessary 
to fulfill these requirements. It shows solid 
solubility that varies with temperature and 
does precipitate in grain boundaries. It seems 
a likely candidate for the honors. Titanium 
nitride, on the other hand, seems much too 
insoluble to function as a grain-growth inhibitor 
in titanium-treated steels, and in these, the 
evidence of high solubility for the sulphide 
(extreme eutectic) makes the latter a more 
likely material. 


A. SKAPSKI.*—May I mention that a new 
technique developed in 1945 in Stockholm by 
Benedicks and myself offers a possibility of 
examining the distribution of various com- 
ponents in the grains and in their boundaries 
and may cast some new light on this problem? 

In looking for the distribution of aluminum 
compounds in steel, thin sheets (0.02 to 
0.I mm.) reposing on quartz plate are treated 
with Cl, to get rid of Fe and then the remaining 
MnCl, is volatilized by the action of gaseous 
HCl at high temperature. All metallic sub- 
stances are removed in this way; the distribu- 
tion of remaining aluminum compounds is then 
examined under the microscope and the com- | 
pounds themselves identified by microchemical 
reactions. In aluminum-regulated steels, A}],O; : 
residue seems to form a rather distinct network. 
Further investigations going on in the Institute 
for the Study of Metals at the University of | 
Chicago should tell whether this network really 
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corresponds to the austenite grain boundaries, 
and whether Al,Os, of which it mainly consists, 
did originally exist in steel or had been pro- 
duced by the decomposition of aluminum 
nitride and subsequent reaction with the MnO 
and FeO oxygen. 


J. W. Hattey (author’s reply).—The 
oxygen level in the steel before aluminum is 
added has been mentioned. Of course, this is 
important because it determines the amount 
of acid solid aluminum in the finished steel. 
The curves in the paper are based on acid- 
soluble aluminum. I am sorry I started the 
discussion of Al,Os and aluminum as grain- 


growth inhibitors. There is not enough 
experimental evidence to support any theory, 
and theories were carefully avoided in the 
paper. As far as titanium is concerned, the 
facts are perfectly consistent with a theory of 
titanium carbide being the inhibiting agent. 
Such a theory is not necessarily true, but there 
is nothing to indicate that it is not true. 

Mr. Sims’ discussion of the relation between 
sulphide distribution and impact properties is 
a valuable addition to our information on this 
complex subject. There must be additional 
factors, however, because of the important 
influence of these elements on the longitudinal] 
notched impact resistance of rolled material. 
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The Low-temperature Gaseous Reduction of Magnetite Ore to 
Sponge Iron 





By O. GeorcE SpecuT, Jr.* AND Cart A. ZapFre,f MEMBER A.I.M.E. 


(Chicago Meeting, February 1946) 


In recent print, some remarkably con- 
tradictory statements have appeared re- 
garding the importance to be attached 
to sponge iron,'~* a metallurgical com- 
modity whose history goes back at least 
to the time of Diodorus Siculus in the 
fourth century B.C. This disagreement, 
however, expresses the lack of a satis- 
factory method for producing sponge iron 
rather than defection in the commodity. 
The blast furnace is admitted to have 
certain inherent disadvantages, such as a 
general unsuitability for magnetite and 
the heating and blowing of vast quantities 
of undesirable nitrogen, so that a workable 
sponge-iron process remains attractive. 

In this respect, low-temperature gaseous 
reduction shows especial promise; but 
confusion persists regarding the factors 
involved. 

The present paper, therefore, has three 
principal divisions: (1) an exhaustive 
examination of all previous work on low- 
temperature gaseous reduction, (2) experi- 


The experimental work reported in this 
paper was performed by the senior author as 
undergraduate research under the direction of 
Prof. T. L. Joseph, Assistant Dean, Depart- 
ment of Mining and Metallurgy, Institute of 
Technology, University of Minnesota. The 
thesis by this title received the Andrews prize 
of the Minnesota Chapter of Sigma Xi, the 
Student Prize of the Northwest Chapter of 
A.I.M.E., and the 1943 Undergraduate Award 
of A.I.M.E. 

Manuscript received at the office of the Insti- 
tute July 20, 1944: revised Sept. 11, 1945. 
Issued as T.P. 1960 in METALS TECHNOLOGY, 
June 10946. 

* Lieutenant (jg), U. S. N. R. 

+ Consulting Metallurgist, Baltimore, Mary- 
land. 

1 References are at the end of the paper. 
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mentation on the reduction of a magnetite 
with hydrogen, and (3) development of 
certain thermodynamic relationships in 
reduction, with a summarized depiction of 
the factors in the general process. 


PREVIOUS INVESTIGATIONS 


Gaseous media used in the reduction 
processes under discussion can be classified 
in three types: (1) He, (2) CO, and (3) 
other gases. In the second, the CO is often 
admixed with He. The third principally 
comprises hydrogeniferous gases, such as 
natural gas and producer gas, and in 
addition includes chlorine. 

Because hydrogen therefore features 
in all three, a study of hydrogen reduction 
based on investigations using pure hydro- 
gen alone may be incomplete. The present 
paper reviews the three groups of investiga- 
tions in the listed order, paying particular 
attention to hydrogen reduction. For the 
benefit of future workers, an exhaustive 
bibliography has been prepared and 
similarly classified. 


Group I: REDUCTION WITH HYDROGEN 


Equilibria 


Although the present problem is specifi- 
cally one of kinetics, a first consideration is 
the equilibrium of the system, since the 
reactions to be studied comprise that 
equilibrium, and their direction and end 
points are defined by it. The historic 
development of these researches is interest- 
ing and informative. 
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St. Claire Deville® is often credited with 
being the first to study the Fe-O-H system, 
but Debray’ preceded him by 13 years. 
And Debray in turn undertook his investi- 
gation to check the statement made earlier 
by Bertholet that, in accordance with 
Bertholet’s concept of mass action, steam 
should oxidize iron to iron oxide at the 
same temperature that hydrogen reduces 
the oxide to metallic iron, a startling 
statement at that time. Debray, work- 
ing nearly a century ago, moistened 
H; at dew points providing ratios of 
H,O:H, = 1:1, 2, 3, and 4, and found that 
the first three formed oxide from iron, but 
that the 1:4 mixture reduced Fe;O, to Fe. 
No temperatures were given. 

St. Claire Deville, however, deserves 
credit for performing the first systematic 
investigation of the system Fe-Fe;0,;- 
H.-H,0, in 1870, using controlled H:-H,O 
atmospheres in an apparatus serving 
as a model up to recent times. His technique 
was followed and refined by Preuner® 
in 1904, Chaudron! in 1914, Wohler 
and Prager’? in 1917, Schreiner and 
Grimnes!* in 1920, and Chaudron™ in 
1921, and others up to the present 
time. 15.17,19-21,32,40,48,60 Chaudron™ verified 
the existence of a quadruple point near 
570°C. and developed the branched curve 
for Fe-FeO-Fe;0, much as it stands 
today (Fig. 1). Other researches in this 
period might also be mentioned.!®18.28.36. 
37,38, 41,43, 44, 50, 54, 59,62, 65,68,76 

In 1920, Schreiner and Grimnes?* first 
directed attention to a great discrepancy 
among the results of these various investi- 
gators, whose values for the equilibrium 
constant, particularly at higher tempera- 
tures, differed widely and did not agree with 
that calculated by other means. Eastman,'® 
writing a comprehensive paper in 1922, 
likewise discussed this discrepancy, as 
did Ferguson.2* Neumann and Kdéhler®’ 
made an accurate determination of the 
water-gas equilibria, and then showed the 
unacceptable value provided by Fe-O-H 


data. Krings and Kempkens,”** with a 
rigorous research, established maximum 
values for K which lay below most of 
those obtained by others. The discrepancy 
prevented Ralston, in a masterful paper in 
1929, from smoothly combining calcula- 
tions of AF based upon these data and 
upon the Third Law. 

Finally, Emmett and Schultz,*? in 
1930, correlated all the data, grouping 
them along two separate curves, and two 
years later*-*> discovered that investigators 
using static atmospheres had provided the 
data for one curve and dynamic atmos- 
pheres the other, thermal diffusion in the 
static systems causing H,O to accumulate 
preferentially in the cold parts of the 
apparatus.*! For a measured H,O-H;: 
ratio, then, the effective ratio was hydro- 
gen-rich in those experiments. The Fe-O-H 
system, similar to the Sn-O-H system, uses 
H,O-H; ratios in a range making thermal 
diffusion especially important. 

The equilibria culminating from these 
researches, depicted as one of the two 
sets of curves in Fig. 1, can now be regarded 
as securely established. They are repre- 
sented on the thermodynamically useful 
coordinates log K and 1/7, with the 
quadruple point at 565°C. 


Temperature 


Hydrogen begins to reduce Fe;Q, at 
325°C., according to Olmer.”* At 600°C. a 
rate maximum has been reported by 
Chufarov and his co-workers,®?:5*.57 Udy 
and Lorig,’! and Ramseyer.?’ Meyer” 
found sintering occurring at 650°C., 
which inhibited hydrogen infusion until 
goo°, where the rate of reduction again 
increased, presumably because of the 
greater solubility of hydrogen in gamma 
iron. Hofmann,™.* attempting to imitate 
a blast furnace by using Hg, similarly 
reported a maximum rate for FeO; 
at 550°C., with minima at 750° and 925°C. 
The minimum at 750°C. he suggested is 
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caused by the unreducible slags that form 
above 700°C. 

Stalhane and Malmberg in a masterful 
series of papers*!.36.43,55,56 ‘showed reduc- 


temperature range adds more confusion, 
for Hofmann’s*:*> minimum at 925° is not 
necessarily in keeping with Barrett’s**.* 
selection of g50° as an operating tempera- 
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tion at 910°C. to be much slower than at 
890°, an observation having an obvious 
relationship to the alpha-to-gamma trans- 
formation, but in apparent contradiction 
to Meyer’s”*-*4 conclusion just noted. 
Further examination of the higher 


ture, although Hofmann reported a second 
maximum at rooo°C. Tenenbaum and 
Joseph’s®™ high rate at the intermediate 
temperature of 800°C. might seem con- 
fusing, but their tests were conducted 
under increased pressure; and pressure 
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will be shown to be an exceedingly effective 
variable. 

Ramseyer” accounts for the 600°C. 
maximum on the basis of the Fe-O-H 
equilibrium diagram. He claims that 
FeO forming above the critical point is 
difficult to reduce and supports his argu- 
ment with micrographs of semireduced 
ore. The present research will later treat 
this point directly, for it does not have 
the thermodynamic background that Ram- 
seyer assumes. 


Particle Size 


There is some lack of clarity on the 
effect of particle size, principally because 
interfering factors, such as_ sintering, 
segregating, or pore clogging, affect the 
gas-solid contact and obscure the reaction. 
There has even been discussion whether 
metallization begins on the outside or the 
inside of a lump of ore,*? although work 
such as that of Stalhane and Malmberg 
already mentioned, Klarding,!®® and Udy 
and Lorig’™! seems to establish that it 
begins on the outside. Oxide coatings on 
metallic particles that have been observed 
by others probably resulted from reoxida- 
tion by H.0. 

Hofmann? recommends a_ particle 
size of 0.02 to 0.05 mm. diameter, although 
this matter is still widely discussed. In 
general, as particles become smaller, the 
advantage of larger surface-volume ratio 
is gained, but at the expense of permeability 
and other desirable characteristics. 


Other Factors 


Other factors that have been suggested 
as variables are: 

1. Rate of gas flow. There is an optimum 
rate, which compromises between replenish- 
ment of the reacting gas and wastage, but 
must be determined separately for each 
type of unit. 

2. Permeability. An obvious factor in 
controlling gas-solid contact; not to be 
confused with porosity. 
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3. Impurities in the ore. By fluxing, for 
example, certain impurities may cause 
sintering and thereby seriously change the 
reducibility of the ore. Hofmann? 
showed that both the 550° and t1o000° 
maxima can be suppressed by adding MgO 
or SiOz. Olmer®® published an especially 
fine work detailing the formation and 
reduction of many of these impurities. 

4. Impurities in the gas. Sedlatschek”® 
effected an increase in the rate of reduction 
by adding small 
or CO, to the Ho. 

5. Factors affecting diffusion and re- 
moval of the reaction product, H.O. Udy 
and Lorig’! list six variables for that 
function alone. In addition, Sawamura® 
and Wiberg®’ have added the interesting 
suggestion that internal aerostatic pressure 
resulting from the products of the gaseous 
reaction may expand and disrupt the 
particle, thereby aiding effusion. 

This listing of factors constitutes a 
general framework to which information 
from other processes will now be added. 


amounts .of halides 


Group II: Repucrion witrH CO 
(anp CO-H, MrxturREs) 


Early Investigations 


Reduction by CO is rooted in the history 
of the blast furnace itself, but only re- 
searches that concern chemical and physical 
factors of importance to the present study 
will be considered here. Selection can 
be based somewhat upon temperature 
limits, and to a lesser degree upon the 
primary or secondary nature of the CO— 
that is, whether the ore is reduced by 
direct impingement of CO, or by admixture 
with. a carboniferous material to produce 
CO in situ. For the most part, the latter 
is of but little interest to the present study. 

Many of the investigations already 
discussed treated reduction both by CO 
and by H:;’* and Debray’ again stands 
first for studying Fe;0, in CO-CO, atmos- 
pheres. Although he obtained no metallic 
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iron with the gas proportions he used, 
he did reduce the oxides of Ni, Co, and Zn 
completely, and the oxides of Mo and W 
to lower oxides. 

Among subsequent investigators up to 
the turn of the present century,’*-*° 
Sir J. Lowthian Bell®*! was apparently 
the first to recognize the law of mass 
action in blast-furnace reactions; and 
his work, begun in 1868 with C. R. A. 
Wright, led to Akerman’s®* establishing 
in 1883 rough measurements of the 
CO-CO, equilibrium over iron and iron 
oxide. 

In 1903, Baur and Glaessner® published 
the Fe-O-C equilibria from 350° to goo°C. 
and calculated AH for Fe;0, on the basis of 
data now known to be incorrect. In the 
same year, R. Schenck*! published a 
similar study, initiating his extensive 
work on this subject, which continued a 
few years®?%%96 and then reappeared 
years later, in 1923,'"!*! with the aim 
of applying chemical equilibria to blast- 
furnace reactions. His investigations led 
to a prodigious series of publications on 
Fe-C-O and associated equilibria,!**!%2-6 
142—4,147,148,164-7 finally winding up in 
prolonged polemics!*.'4!~4.154 and the ad- 
mission that equilibrium was never attained 
in the blast furnace, time being the only 
important factor! 

In between Schenck’s two prolific 
periods, numerous papers and patents 
appeared,*4-''6 among which might be 
mentioned Mathesius’*-%.!91.104 patents 
for producing sponge iron by CO reduction, 
Chaudron’s'* and Matsubara’s!!® monu- 
mental papers on Fe-C-O equilibria, 
Eastman’s'* thought-provoking critique 
of equilibrium determinations, and, most 
important, Wiberg’s'!® first patent on his 
classic CO-reduction shaft furnace, built 
in 1920 at Woxna, Sweden—forerunner 
of the present Séderfors plant. In this 
furnace, Fe;0, lumps up to 4-in. dia. were 
reduced at 1o0o°C., lumps 1.15 to 2.8-in. 
dia. requiring 20 to so hr. The COQ, reac- 


tion product was regenerated by passing 
the gas over hot charcoal. 

In contrast to the rate maximum at 
600°C. just discussed for Hz reduction, 
Wiberg’s CO process was 15 times faster 
at 1035° than at 600°C. The thermo- 
dynamic reason for this will be developed 
later. 


R. Schenck’s Studies 


Many surprising things can be found 
among R. Schenck’s wide writings in 
the 1920’s, some since affirmed, others 
denied. Basing his conclusions upon the 
results of an elaborate and fundamental 
gas-metal study, Schenck discovered the 
solid solution of Fes0, and FeO, which 
he named “‘wiistite”’ in honor of a great 
German metallurgist. He showed that 
studies on the reduction of Fe;0, must 
take into account the solution transition 
from Fe;0, to FeO, and also the solubility 
of oxygen in metallic iron. In regard to 
the latter, he coined the terms “‘oxyferrite”’ 
and “oxyaustenite,”’ and proceeded to 
overemphasize their importance on the 
basis of the monstrous deduction that from 
2 to 5 per cent O can dissolve in Fe during 
carburizing. Because of this work, however, 
the intermediate field in Fig. 1 is more 
properly designated “ wiistite,” instead of 
the often used “‘ FeO.” 

Again, Schenck claimed the existence of 
an iron suboxide, Fe;0, probably stable 
below 720°C., and a percarbide of iron 
having a higher Pc than Fe;C. The latter 
he named “ bunsenite,” in honor of another 
German scientist; but the honor has 
miscarried in the absence of subsequent 
confirmation. Bogitch,* however, has re- 
ported an iron suboxide having less oxygen 
than FeO. 

Next, Schenck pointed out the simul- 
taneous solution of oxygen and carbon 
in austenite and showed that his data 
required solubility between oxides and 
carbides, an observation possibly cor- 
roborated by Becker’s'®® and Winter and 
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Crocker’s'!** work. The resultant solution 
he called ‘‘oxycarbide.”!** He also found 
a role for the evaporation of Fe as a 
carbonyl. 

While these anomalies in the Fe-O 
system are of interest to the present 
research because they will influence re- 
moval of O from the ore by any process, 
especially pertinent are Schenck’s studies 
showing the effect of MgO, SiOz, Al.Os, 
MnO, BeO, TiO2, P20O;, CaO, ZnO, CuO, 
and NiO on the rate of reduction of iron 
oxides. In brief, all these impurities affect 
reduction adversely whether they are 
reduced o¢ not—a conclusion also reached 
by Fornander.'® CuO and NiO are the 
only possible exceptions. Schenck dis- 
covered the importance of these impurities 
by finding completely different equilibrium 
values when an Al.O; crucible was used 
instead of an MgO. 


Schenck’s Contemporaries 


During this same period, noteworthy 
papers by other authors also appeared.*!:*% 
26,28, 30,118—20,122—8, 130,131, 137—41,145,146 Royster, 
Joseph, and Kinney'® measured CO, 
concentrations in an experimental blast 
furnace using ore of various sizes; and 
Furnas and Joseph'*®!52 showed the 
necessity of gas-solid contact and uni- 
formity of particle size. They recommended 
crushing lumps above 2-in. diameter, 
sintering minus 65-mesh material, dividing 
the ore into three sizes, and charging it 
separately to minimize pore clogging. 
Joseph!” listed: (1) chemical nature of the 
ore, (2) fineness, and (3) uniformity as three 
principal factors in the rate of reduc- 
tion. Iwasé!” included another factor— 
the expansive effect of occluded reaction 
products. 

As for temperature, Kamura’* found 
goo°C. an optimum for reduction of 
limonite and hematite, and temperatures 
above goo°C. for magnetite. Bogitch™® 
recommended 1300°C. for iron silicate, 
which confirms Joseph’s'®* conclusion that 


iron silicate forms an undesirable reduction- 
resistant film on magnetite. 

Takahaski!* and Johannsen and von 
Seth!* pointed out that carbon dissolving 
in the iron strongly influences the CO-CO, 
ratio and therefore the optimum tempera- 
ture of reduction. 

Two monumental reviews appear in this 
period, one by Williams, Barrett, and 
Larsen!” containing a bibliography of 
patents complete through 1925; the other, 
by Ralston,*® presenting a comprehensive 
review of data extant in 1929. The CO- 
CO,-Fe-FeO-Fe;0;, equilibria given by 
H. Schenck*? are believed to be the most 
accurate, and are depicted in Fig. 1. 


Stalhane and Malmberg and Reduction 
with CO-H». Mixtures 


One of the first important investigations 
on reduction by CO-H, mixtures was that 
of Meyer” in 1928. He measured reduction 
rates with CO and Hz individually and 
mixed and found that He reduction was 
much more rapid than CO reduction under 
equal conditions, and that in mixtures 
the CO does not appear to be the active 
ore-reducing agent, but a regenerator of 
H, from H,O instead. This is under- 
standable, since Hz can penetrate Fe more 
readily than C or CO to reach unreduced 
ore, and the deoxidation of H,O by CO is 
the well-known water-gas reaction. Meyer 
also observed a new factor—the breaking 
of lumps of ore from internal graphitization 
by CO; and he showed that hydrogen 
increases graphitization—although Bone, 
Reeve, and Saunders! state the opposite. 

Shortly thereafter, the two Swedish 
scientists, Stalhane and Malmberg, devel- 
oped the theory and experimentation 
using CO, He, and CO-H, mixtures in an 
outstanding series of papers.'49.155.36,43,55, 
56,172,173 By temporarily disregarding all 
physical factors influencing gas-solid con- 
tact, they developed for the reaction: 


Iron Oxide + Reducing Gas = Iron 
+ Gaseous Product 
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the simple and general rate expression: 


dm/dt = k- s+ (P-P.) 


where: 

m = mass of ore reduced, 

t = time, 

k = a constant, 

s = surface of reaction, 

P = partial pressure of CO or Ha, 


a 
| 


= partial pressure of CO or He at 
equilibrium. 
Consequently, they argued, the rate of 
reduction is simply proportional to the 
difference between the partial pressure of 
the reduced gas and its pressure at equilib- 
rium. All other factors are important only 
in the extent to which they affect P-P.. 
Reduction from Fe;0, to FeO they 
found rapid; from FeO to Fe slow. Like 
Meyer,**-** they were able to increase the 
rate of reduction from 4 to 7 times by 
adding 20 per cent H; to the CO. An addi- 
tion of 2 per cent Hz showed no effect. 
They suggested that the sixfold difference 
between the physical diffusion rates of 
H-H,O and CO-CO; mixtures might 
account for this. Although Meyer had 
observed a drop in rate around 700°C. 
from metallization, Stalhane’s tests were 
run for shorter periods and did not reveal 
that drop. Metallization, they found, 
begins on the surface and proceeds inward 
at an approximately linear rate except for 
the earliest and latest stages of reduction. 
A drop in rate around 906°C., similar to 
the one described for Hz reduction, was 
ascribed to the allotropic transformation of 
iron; and a break in the rate curve around 
800°C. they ascribed to a lowering of the 
transformation temperature by dissolved 
carbon. Deposition of carbon they found 
to begin in late stages of reduction and to be 
completely inhibited by the presence of 
sufficient COs. The latter, of course, can 
be predicted from the equation: 


2CO = C+ CO; 


since the reaction goes to the right only 
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when the partial pressure of COz is less 
than that required by the equilibrium. 
Stalhane and Malmberg selected a 
temperature range of goo° to 1000°C. 
for their process. Particles of Kiruna 
magnetite from o.2 to 4.0-mm. dia. were 
studied,** though their patents'”? recom- 
mend a maximum diameter of 0.2 mm. 
They also recommended 5 to 20 per cent 
additions of moist CaCOs, or other alkaline 
earth substance, with a small quantity of 
soda or water glass to prevent caking 
and sticking of the finely divided ore.'”* 
When reduced, the sponge could be cooled 
in water and treated with CO, to pre- 
cipitate CaO and recover CaCO;. The 
used gases, both H,O and COs, were 
regenerated by passing over hot carbon. 


Recent Work 


Among the numerous publications ap- 
pearing in the past 15 years,*538.42,44,46,49, 
54, 59,63,67,69,76,151,156—83 discussions of Wi- 
berg’s process are most interesting.®’+1*! 
Wiberg® pointed out that reduction with 
CO is exothermic, causing a temperature 
increase of 100° to 150°C.; that H»2 reduc- 
tion is endothermic, causing a temperature 
drop of approximately 350°; and that CH, 
or coke-oven gas requires so much heat 
that a retort furnace or special auxiliary 
heating is necessary, unless the CH, is 
first partly burned. A 64:36 mix of CO-H;, 
causes no heat change. 

Up to 75 per cent reduction, He: is 
faster than CO at 1000°C., but then loses 
efficiency rapidly, a CO-H2 mix serving 
best. The high rate of CO reduction in late 
stages probably results from carburization 
of the iron, the dissolved C reacting with 
the enclosed wiistite to form rupturing 
pressures of trapped gas, a matter also 
discussed by Sawamura*®* and Baukloh and 
Jaeger.""* Microscopic examination of 
partly reduced magnetite, similar to 
Udy and Lorig’s”! and Klarding’s'®® studies, 
showed an Fe shell, an intermediate layer 
of wiistite, and a magnetite core. No 
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porosity could be detected, but fissuring 
was evident. Wiberg remarks that with 
H; reduction similar entrapment is miti- 
gated by the ability of H» to diffuse out 
through the Fe, leaving only HO. This 
reasoning is in error, as will be developed 
later. 

Wetherill and Furnas!”° studied the 
effects of: (1) temperature, (2) ore type, 
(3) particle size, (4) gas velocity, and (s) 
gas composition, the last two factors 
remaining more or less indefinite. Reduc- 
tion with CO they found slow at 500° 
to 600°C., becoming more rapid at higher 
temperatures, with nothing to be gained 
by temperatures above t1o00°C. Slag- 
forming constituents impeded reduction, 
but became less important at higher 
temperatures. As for particle size, they 
discerned no effect up to : cm. in diam- 
eter but the rate decreased with larger 
particles. 

A distinction between porosity and 
permeability was pointed out by Joseph, 
Barrett, and Wood** in a study of reduc- 
tion of 13 commercial iron-ore sinters, 
porosity measurements indicating in no 
way the size, number, or distribution of 
the voids. Following Diepschlag’s!”! excel- 
lent paper on reduction of iron ore under 
pressure, Tenenbaum and Joseph?”* found 
the rate to increase with CO pressure, 
with a temperature maximum occurring 
near 700°C. for higher pressures. Reduc- 
tion with CO was slower than with He, and 
still slower when admixed with bosh gas. 
These authors explained the pressure-rate 
relationship on the basis of surface adsorp- 
tion in a convincing manner. Their 
discussion, and Kérber’s,!7* of carbon 
deposition is good, though thermody- 
namically incomplete. 

An interesting and previously over- 
looked research by Scheepers,'®® in which 
magnetite was crushed, separated in three 


“sizes, and treated in CO to study reduction 


and dissociation catalysis, deserves men- 
tion. The large particles were strongly 


magnetic, the medium particles weakly 
magnetic, and the fines nonmagnetic. 
No graphitization occurred over the 
fines; and a maximum occurred using the 
medium particles. Unsized material was 
strongly catalytic. These factors might be 
studied further in ore reduction. A slower 
rate of flowal so favored dissociation. 

Similarly deserving mention is Gahl’s 
patent®® for regeneration by passing CO, 
and H,O mixed with natural gas over Ni 
or Fe catalysts. 


Group III: REDUCTION WITH OTHER 
GASES 


Fuel gas,'**19 coal gas,'%!% water 
gas,°8.192 producer gas, !87-199,192,194 oj] gas, 185 
186,189, 197 natural gag, '87,189,196,203—¢ meth- 
ane,® illuminating gas,'** bosh gas,*%!% 
and chlorine?®® are other media sometimes 
used for reduction.!*4~*%4 

With natural gas or oil gas, Riveroll?** 
recommended reduction in a high vertical 
retort furnace at 750° to 785°C. Maier and 
Thomas! state that magnetites are 
virtually unreducible below the sintering 
temperature in a natural gas having the 
following analysis: Ne, 42.7 per cent; 
He, 36.4; CO, 19.5; CHa, 0.4; H2O, 0.7; 
COsz, 0.3. 

Of greatest recent interest is the Madaras 
Steel Corporation’s reduction plant oper- 
ated at Longview, Texas, by the Bureau 
of Mines from November 1942 until 
February 1944.7°2-4 Reduction of lump 
ore by natural gas at 1ooo°C. yielded a 
product about 83 per cent metallized, 
which served successfully as a substitute 
for scrap in a steelmaking furnace. 

Coal gas, according to Eastman,'* 
reduces iron oxide at 600°. However, C 
deposition at that temperature is so severe 
that the CH, and unsaturated hydro- 
carbons are largely destroyed, and tem- 
peratures above 7oo°C. must be used. 
By raising the temperature from 700° to 
1000°C., about 12 per cent is gained 
in maximum reducing power. Coal gas 
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requires more heat supplied to it per 
pound of iron produced than most other 
gases, but some of this heat can be obtained 
from combustion of the used gases. 

At 600°C., water gas oxidizes Fe and 
deposits C;'%? but about 700°C. the reverse 
is true. By raising the temperature from 
700° to 1000°C., about ro per cent is gained 
in maximum efficiency. The heat balance 
of water gas is favorable. 

Producer gas likewise oxidizes Fe and 
deposits C at 600°,'*? reversing this action 
at temperatures above 700°C. At 1000°C., 
however, the maximum reduction is 30 
per cent more efficient than at 700°; but 
the large proportion of N2 makes reduction 
slower, the thermal margin is inadequate, 
and from 3 to 15 times as much gas is 
required to reduce a pound of Fe as when 
using coal gas or water gas. The analysis 
of the producer gas used in Ekelund’s 
process'** for reducing Stripa ore and 
sinter is: CO, 33-36 per cent; Hoe, 9.8; 
CHy, 0.7; Ne, 55-59. Diepschlag, Zillgen, 
and Poetter,'** discussing reduction up to 
1050°C. with a blast-furnace f 
virtually this same composition, found 
reduction to jncrease directly with porosity, 
and graphitization to increase with de- 
creasing particle size. 


gas ol 


Reduction of Other Oxides 


Information of some interest also lies 
in literature on the gaseous reduction of 
oxides other than iron oxide.?°5-*5 

For example, Wright and Luff?” in 1878, 
and later Pease and Taylor,?!? showed 
that the reduction of CuO by H:z is an 
autocatalytic phenomenon requiring an 
incubation period before reduction begins, 
that the purity of the H, has much to do 
with the duration of this period, that the 
introduction of metallic Cu eliminates the 
incubation period, that reduction proceeds 
from the metal/metal-oxide interface, 
and that metallization does not begin, 
as commonly expected, at the surface 
of gas impingement, but within the ore 
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body and often along the tube wall. 
Similar observations with iron oxide do 
not appear in the literature; and the 
possibility of speeding reduction by admix- 
ing metallic iron holds some interest. 

In the reduction of NiO, Pease and 
Cook*!* showed that equilibria deter- 
mined for the massive state may not apply 
to reactions involving oxide films on metal 
and metal films on oxides because of the 
aggravated free energies of the films; 
and Fricke and Weitbrecht??? made a 
similar observation for surface effects 
on very fine particle sizes. Both of these 
observations are pertinent to the present 
study. 

Greenwood’s research*® is interesting 
in showing the marked effect of impurities 
on reduction at higher temperatures, and 
in anticipating Olmer’s’? temperature- 
interval technique for phase identification 
by about 40 years. 

As for the stepwise reduction of Fe;0, — 
FeO — Fe, which causes preliminary re- 
duction to occur without metallization, 
this same type of phenomenon has been 
established for the reduction of Cr2O3,?41.218 
MnOz:,”*? PbO,? AgeO,?2° SiO>s,223 and 
probably TiO,”!* and other oxides.?76 


EXPERIMENTAL PROCEDURE 


Against this background, the following 
experimentation will be compared. 


MATERIALS 


A western New York magnetite con- 
centrate, kindly supplied by the Republic 
Steel Corporation, served for all experi- 
ments reported in this paper. Its analysis 
was Fe, 65.92 per cent; SiO, 4.31; AlOs, 
3.93; Mn, 0.045. For the reduction of 
this magnetite, purified commercial tank 
hydrogen was used. 


APPARATUS 


The apparatus was of a type commonly 
used for such experiments, having the 
following gas train: 
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H.(or Nz) — Catalytic Furnace — Absorption 
Towers — Reduction Furnace — Absorp- 
tion Towers — Manometer —> Exit 


The catalytic furnace contained Cu 
turnings to remove free oxygen from the 
H,. by catalyzing the H-O reaction; the 
absorption towers contained anhydrous 
magnesium perchlorate; the reduction 
furnace was an electric furnace containing 
a‘ quartz combustion tube with the sample 
in a porcelain boat. The manometer was 
calibrated to measure the gas flow, which 
was kept constant at 1000 c.c. per min. 
throughout all experiments. Temperature 
measurement was effected by a thermo- 
couple placed with the sample in the exact 
center of the furnace; and temperature 
control was maintained by manual adjust- 
ment of a resistance in the furnace circuit. 


TECHNIQUE 


The weighed sample of ore, contained 
in a carefully dried porcelain boat, was 
heated in an atmosphere of nitrogen, which 
was used to flush the system and to prevent 
either oxidation or reduction from occurring 
before the desired temperature was reached 
and the test was ready to begin. With the 
rate of gas flow adjusted to 1000 c.c. per 
min., alternate absorption towers were 
inserted at the exit of the reduction furnace, 
one being removed and weighed every 
5 min. after the Hz was admitted and 
reduction was begun. At the close of the 
experiment the boat was usually removed 
and weighed to serve as a further check. 

Reduction was studied at the specific 
temperatures of 575°, 600°, 700°, and 
800°C. (1067°, 1112°, 1292°, and 1472°F.) 
for the original ore, as crushed, and for 
three screened sizes. Thus, the effects of 
two important factors, temperature and 
particle size, could be examined. 

Two.complete sets of data are presented. 
For the first, percentage of reduction is 
represented on the arbitrary basis of the 
600° asymptote being 100 per cent, since 


in all cases reduction was most efficient at 
this temperature. The second set, a com- 
plete duplicate series, employs percentage 
of reduction based upon the calculated 
available oxygen as Fe;O,. Each of these 
methods is open to some minor criticism, 
which in no way affects the principal 
conclusions of the paper. 

Since the curves are drawn through 
the experimental points in all figures, no 
tabulations are included. 


EXPERIMENTAL RESULTS 
First SERIES 


Unsized Ore 


The progress of reduction of unsized 
ore at the four selected temperatures is 
shown in Fig. 2. Screen analysis of this 
material showed 87.5 per cent passing 
1o mesh, with fairly even distribution 
down to 85 per cent retention on 100 mesh. 


Sized Ore 


When sized particles were used, the 
data depicted in Figs. 3, 4, and 5 were 
obtained. 


Effect of Temperature 


Two characteristics of these curves 
immediately impress one: First, the initial] 
reduction up’ to approximately 80 per 
cent is more rapid the higher the tempera- 
ture; and, second, later stages of reduction 
decline in rate so greatly at 700° and 800°C. 
that these temperatures decidedly cannot 
be recommended when complete reduction 
of natural magnetite is sought. 

In Fig. 6, the data from reduction of 
the sized ore in Fig. 4 are replotted to 
show this effect of temperature in an- 
other way. There the family of curves 
is surprisingly regular, in view of the 
experimental error to be expected from 
this type of experiment; and the curves 
show by their displacement against the 
time abscissa how a distinct rate maximum 
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for reduction develops at 600°C. with 
increasing reduction. 


Effect of Particle Size 


One other prominent feature of the data 
is the displacement of all curves toward 
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At 800°, the same general effect of 
particle size is evident, though to a lesser 
degree. This is possibly contrary to a 
general expectation that the sintering at 
the higher temperature would decrease 
the rate of reduction. 
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shorter reduction periods with decreasing 
particle size. 

In Fig. 7, this factor is brought out 
more clearly by plotting reduction time 
at 600°C. vs. particle size expressed as the 
logarithm of the mesh diameter. ‘While 
the significance of the average diam- 
eter of such irregular particles might 
be argued, the good conformity to linearity 
on a log plot is reassuring. The relation- 
ship between screen-mesh diameter D 
and time in minutes M for complete reduc- 
tion at 600°C., for example, can be ex- 
pressed as: 


log D = 0.0475M — 3.04 


As may be seen from Fig. 7, a 50 per cent 
longer period is required for complete 
reduction when the ore size is changed 
from —65 + 100 to —8 + Io. 


SECOND SERIES 


Data 


Complete duplication of the foregoing 
tests yielded the results for unsized and 
sized ore that are presented in Figs. 8, 9, 
1o, and 11. The manner of presentation 
is the same, except that percentage of 
reduction here is calculated on the basis 
of oxygen available as Fe;Ox,. 

If one were interested in quantitative 
reproducibility, these data might be 
discouraging. On the other hand, a rigorous 
position cannot be adopted when con- 
sidering such a kinetically and chemically 
undefined system as the gaseous reduction 
of a natural ore. Studied from a qualitative 
standpoint, all essential information re- 
appears; and the disparities then become 
a useful measurement of the safety factor 
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that would be necessary in commercial 
application of such laboratory tests. 


Effect of Temperature 


For example, the effect of temperature 
again definitely shows a maximum at 
600°C., differing only in that the two 
smaller particle sizes now show the 600° 
rate maximum throughout reduction. All 
tests agree in showing “that reduction at 
575° begins and remains at slower speed 
than at 600°C.; and almost without excep- 
tion they show that the initial reduction 
rate is greatest at 800°, next greatest at 
700°, but that in later stages reduction 
at these two temperatures lags until it 
falls below that at 600°, and even that at 
575°. In fact, reduction at the two elevated 
temperatures seems to approach an asymp- 
tote so obviously different from that of the 
600° tests that the matter may have 
important bearing upon the nature and 
availability of the oxygen assumed in the 
calculations to be present as Fe ;O,. 


Effect of Particle Size 


The results of the second series agree 
closely with those of the former. The 
principal exception occurs in the data of 
Fig. 9, which appear to show no complete 
reduction in any test. If the not implausible 
assumption is made that the sample in the 
600° run contained less oxygen combined 
with Fe than calculated, and that Fe;O, 
was completely reduced after 75 min., 
where the ore stopped showing a weight 
loss, the data are concordant. 


Test For A SECOND OxIDE PHASE 


The technique recently discussed by 
Olmer®®.72.73 was next used to determine 
whether an intermediate phase develops 
in the reduction of Fe;O, to Fe. Three runs 
were made, each started at 400°C. and 
studied as the temperature was increased 
proportional to time up to final tempera- 
tures of 600°, 700°, and 800°C., attained 


in each case in 85 min. The data are 
plotted in Fig. 12. 

The 600° curve shows a rather pro- 
nounced upsweep close to the critical 
point at 565°; but the results are not in 
keeping with sharp phasial distinctions, and 
they therefore substantiate the designation 
of the intermediate phase in Fig. 1 as a 
solid solution, ‘‘wiistite,’’ rather than a 
stoichiometric compound, FeO; and they do 
not conform with Ramseyer’s concept of 
reduction rate being affected by the 
formation of an intermediate and singular 
FeO phase having characteristically poor 
reducibility. 


DISCUSSION OF RESULTS 

There are three outstanding charac- 
teristics of the data: 

1. The 600°C. rate maximum for total 
reduction. 

2. The high initial rate and subsequent 
lagging of the 700° and 800° curves. 

3. The increase of rate with smaller 
particle size. 


THERMODYNAMIC PRINCIPLES OF 
HYDROGEN REDUCTION 


Free-energy Change 


The rate maximum for total reduction 
found at 600°C. confirms the recent 
work of Udy and Lorig,’! Ramseyer,”’ 
and Chufarov and his co-workers.®?:5%.57 
In fact, the conformation to the Russian 
work is particularly close in similarly 
showing high initial speeds of reduction at 
temperatures above 600° with subsequent 
lagging, which finally makes the elevated 
temperatures undesirable. 

Most of the obvious factors in slowing 
the rate at elevated temperatures have 
been long discussed, such as crystallization 
or fusion of the metallized zone, sintering 
of the particles, formation of impervious 
nonmetallic surface coatings from fluxing 
silicates, and so forth. A generally held 
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conclusion, however, is that much remains 
to be explained.”! 

Reviewing the literature, one can under- 
stand that conclusion because of the 
absence of a clear treatment of the thermo- 
dynamic and chemical principles involved 
in reduction. Kinetic matters have received 
wide attention because reduction is visibly 
a kinetic problem; but insufficient atten- 
tion has been paid the position of certain 
thermodynamic principles in kinetic mat- 
ters in directing the reactions, measuring 
the energy available to them, and setting 
the bounds beyond which they cannot go. 

The present paper calls into question the 
advisability of basing the entire process, 
as has been done to date, on conventional 
rate expressions, and explores instead the 
significance of the thermodynamic potential 
in regulating or affecting reduction by 
considering the passage of the reducing 
gas through the ore bed on the basis of a 
series of minute isolated systems. 

Of first importance is clarification of the 
fundamental driving energy of the reac- 
tion—the free energy. This thermodynamic 
measurement depends upon the equilibrium 
concentrations, specifically activities, of the 
constituents as compared with their actual 
activities. It relates to the (P-P.) quantity 
of Stalhane and Malmberg, and to the 
feature described by Udy and Lorig 
s ‘‘distance from equilibrium;” but its 
relationship is in terms of energy available 
for the reaction, rather than simple linear 
measurements of concentration differences 
in Puo. 

Thus, for the two equations under con- 
sideration: 


Fe;0, + H: = 3FeO + HO [I] 
FeO + Hz = Fe + HO {11} 


the two gases H.O and Hy, change from 
primary fugacities P*y,o and P*p, to 
equilibrium fugacities Py.,o and Py,; and, 
in so doing, the “distance from equilib- 
rium” in an energetic sense is a logarithmic, 








254 GASEOUS REDUCTION OF MAGNETITE ORE TO SPONGE IRON 





not linear, function of their partial pres- 
sures, which can be expressed as a thermo- 
dynamic potential, or change in free energy: 


* 
AF = —aRT In 


Because the activities of the solid phases 
remain essentially unchanged, the complete 
expressions: 


AF; = 3RT In 2-22 
a¥eO 
+. 
+ RT In oe — RT In a’ Fe: 
H20 AFe30, 
P “x, 
- RTinj* (la) 
x P*y 
Aa = BT la + RT ae 
are P'n:20 
~ RT in? — RT In H: [IIa] 
d¥eo He 
can be simplified to: 
p* P*y, 
AF; = RT In — — RT In — (1b) 
H:20 He 
p* P’ ae 
AFu = RT In 5 =2 — RT Inj = (1) 
H:20 
or: 
. P* 0 Pux 
AF; = RT (in P,. — In a) [Ic] 
Pp H:0 i) 
AFy = RT (in ~*~ In P'n. [IIc] 


Because the last term in Ic and IIc 
is the equilibrium constant, these equations 
reduce to: 


AF; = RT (in rae In Kx) [Id] 
At, = BT (in at — In Kn) [11d] 
He 


This measurement for ‘“‘distance from 


equilibrium” is therefore proportional 
to the difference between the logarithm 
P* 520 

P*u, 

the moment of impingement. Regarding 
P*x20 
P*H, 





of Ky and the logarithm of at 


as a temporary constant in any given 


















part of the system, one can compute the 
initial free-energy change for that part of 
the system at any of the temperatures in 
question by using the following general 
expression derived from I, IId: 


AFin = 4.575T (log Kp+ — log Ky,1:) 
(I, Ile] 


or: 
AFin = —4.575T log Kin + cT  [I, If] 


where c = 4.575 X log Kp+ and T is 
expressed in deg. K. 


Effect of Bed Depth 


Immediately after impingement, P*y,0 
and P*y, are altered to P*’y,0 and P*’g,, so 
that subsequent layers of ore are swept 
by a gas having a progressively lowered 
thermodynamic potential. If the con- 
tamination of the incoming gas stream is 
arbitrarily assumed to be o.o1 per cent 
H,O, the primary fugacities are: 


P*y, ~ 1.0 atm. 
P*y.0 = 10-4 atm. 


and Kp+« = 107‘. In such a system, the 
characteristics of the free-energy change 
over the temperature range in question are 
depicted by the uppermost curve family 
in Fig. 13. In that figure, the free-energy 
characteristics are also shown for arbitrary 
P*y.0 values of 10~? and 107! atmospheres, 
representing the gas composition deeper 
in the ore bed. 

The outstanding feature of the diagram 
is that the first few millimeters of H,O 
picked up by the traversing gas depletes 
the thermodynamic potential of the reduc- 
tion reaction by far greater proportions 
than subsequent equal additions. This is 
better shown in Fig. 14, which depicts 
thermodynamically this revised ‘distance 
from equilibrium” as a function of the H,O 
content of the gas. 

The marked departure from linearity 
exhibited by these curves suggests a new 
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approach in explaining curve E in Fig. 18 
of Udy and Lorig’s paper,”! a curve classed 
as anomalous by those authors. The 
ordinates in their plot are thermody- 
namically meaningless; but when their 
data are translated from percentage of 
H,O into thermodynamic potentials and 
plotted against the logarithm of the bed 
depth, curve E becomes virtually a 
straight line. 

For example, adopting the values from 
the ordinate of their Fig. 18 into the 
thermodynamically applicable forms: 


oo 
ron = (ERs 


P* a, 
‘ net 
een a ; 
, P*n.0 
K*p« == oe } 
where a, b...m refer to the positions 


of increasing bed depth shown on the 
abscissa of their figure, and applying 
these to the general expression: 


AFin = 4.575 T (log Kp+ — log Kr) 
{I, Ile] 


one can obtain values for AF*;,,; APy.y 
. . . AF", which give a measure of the 
“distance from equilibrium” in terms of 
free energy and provide the virtually 
straight line shown in Fig. 15 when plotted 
against the logarithm of the bed depth. 


Minimum Effective Energy 


From very close examination of Fig. 15 
one might still claim a slight upbending 
of the curve with increasing bed depth. 
If that is true, however, the existence of a 
minimum effective energy should be given 
as early mention as the physical factors 
proposed by Udy and Lorig. Although 
pronounced roles of critical minimum 
energies are infrequent in metallurgical 
reactions at high temperatures, very few 
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chemical reactions proceed when AF is a 
small negative number, some critical mini- 
mum value being required to initiate the 
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of reduction, AF’, on the basis of a mini- 
mum potential of 1000 cal. per mol: 


AF’ = AF, — 1000 = —4.575T (log Kp» 
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If the curvature in Fig. 15 is real, a cri- 
tical or “threshold” energy of not more 
than 1000 cal. per mol is indicated. The 
effective abscissa in Fig. 13 would then be 
raised as indicated by the broken horizontal 
line, and all end-point Py,o values would 
be effectively decreased. 

Calculating the effective driving energy 


one obtains for reduction at 700°C.: 


whereupon the 
becomes: 


quasi-equilibrium value 


Pu.o = 0.204 
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Thus, reduction at 700°C. would stop 
with about 20 per cent H,O in the atmos- 
phere, in contrast to an equilibrium value 
of 29.5 per cent, which is in good agreement 
with Udy and Lorig’s experimental curve. 
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of the temperatures shown, the thermo- 
dynamic potential of the system increasing 
markedly and continuously with tempera- 
ture through and beyond the quadruple 
point. Consequently, a popular tendency, 
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Fic. 14.—P ot or AFj,14 vs. H.O CONTENT OF HYDROGEN. 


A second explanation for the possible 
deviation with advanced bed depths will 
appear later in discussion of the chemical 
principles of internal pressure. 


The 600° Rate Maximum 


As for the rate maximum at 600°, no 
indication of either a maximum or mini- 
mum appears on the AF curves at any 


recently expressed by Ramseyer,”? to 
relate the 600° maximum to stepwise 
reduction and the formation of an “‘inter- 
fering third phase” above the quadruple 
point temperature requires modification. 
In the first place, the removal of oxygen 
is continuous, the solid solution, wiistite, 
not FeO, being formed from reduction of 
Fe;0,. Secondly, when the end member 























258 GASEOUS REDUCTION OF MAGNETITE ORE TO SPONGE IRON 


FeO is finally produced, there is still no 
thermodynamic reason for expecting supe- 
rior reduction to occur at 600°C., or for 
believing that FeO is especially difficult 


point, is a notably active flux. In magnetitic 
ores, the fluxing action with other con- 
stituents above 600° might produce a 
protective film like that described by 
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to reduce. Although AF for the metallizing 
reaction II (FeO — Fe) lies on a line having 
slightly less slope than the line below 
565°C. (Fe;0,-—> Fe), values of AFy 
are always more negative at higher 
temperatures. 

The reason, therefore, must lie in kinetic 
matters, such as the sintering found by 
Meyer” at 650°, or crystallization of the 
metallized zone. This latter is especially 
indicated by the fact in the present re- 
search that the rate increased with de- 
creasing particle size at all temperatures. 
Consequently, interparticle sintering is 
less important than intraparticle sintering. 

It might also be pointed out that wiistite, 
which forms only above the quadruple 


Joseph.’® In that case, reduction of pure 
Fe;0, should not exhibit such a maximum. 


The Lagging Phenomenon 


Now the lagging phenomenon becomes 
understandable. Almost without exception 
the early stages of reduction showed 
rates increasing with temperature, as 
would be expected from studying the AF 
diagrams in Fig. 13. Furthermore, this 
lead at 700° and 800° was maintained 


up to stages of reduction as late as 80 
and go per cent. 

If the intermediate formation of FeO 
were responsible for the phenomenon of 
lagging, the curves would bend over at 
reductions of only 25 per cent and less, 
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involves removing only 25 per cent of the 
total oxygen. Once again the evidence 
stands contrary to the common supposi- 
tion that FeO impedes reduction. 
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since the reduction of Fe;0, to FeO” most interesting features of the system. 
Twenty-five per cent of the work of 
reduction can actually be dissipated in 
accomplishing nothing other than forming 
a second slag phase. Analogies in the reduc- 
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Fic. 16.—ILLUSTRATION OF CHEMICAL PRINCIPLES BY WHICH GAS COLLECTS UNDER PRESSURE 
WITHIN A SEMIREDUCED ORE PARTICLE. 


As further evidence, extrapolation of 
the single AF line from below 565° in 
Fig. 13 shows that the two-phase region 
changes the early energy characteristics 
by considerably increasing the thermo- 
dynamic potential of reaction I beyond the 
effect of temperature alone. That is, the 


slope of curve I in the two-phase region is. 


greater than its slope below 565°, and 
Fe;Q, is therefore hyperactively dissociated 
at temperatures where wiistite is produced. 
This ready loss of a part of the oxygen 
again confirms the finding of early rate 
maxima at the higher temperatures. 

One can observe in Fig. 13, by the 
approach of the lower curve family to 
the abscissa, that a point is reached at a 
certain bed depth where P*y,0 is too great 
to allow the metallizing reaction II, and 
yet small enough to take further oxygen 
from Fe;0,. This ability to reduce magne- 
tite in the two-phase region without 
producing a metallic phase is one of the 





tion of Cr2O3,741218 SiO2,273 and other 
oxides?2® were mentioned earlier. 


Gas-solid Equilibria within the Particle 


While the formation of H,O in the 
furnace atmosphere simply depletes P*y, 
without an increase in the total pressure 
of the system, conditions within the 
particle are different. After surface metal- 
lization has occurred, the gas stream 
contacting that surface will be virtually 
H, at 1 atm. pressure. Diffusion of hydro- 
gen into the métal layer will therefore 
occur on the basis of an external pressure 
of 1 atm. of Hg. 

Within the particle, the reaction of the 
infusing H with encased FeO or Fe,;0, will 
produce H,O, but without permanent 
depletion of Py, because of the continual 
infusion of H under an external pressure of 
1 atm. of He. That is, the metal shell 
furnishes a closed system having a 
diaphragm permeable virtually only to 
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hydrogen, as indicated in Fig. 16. Within “critical point, a similar condition occurs 
the shell, Hz will collect at approximately 


the partial pressure P*y, maintained by 
Hz outside the shell. For the equations: 


when four phases coexist: 


Fes =3—-4+2=1 


I 
2 F * 
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Fic. 17.—PLoT OF =Pint. vS. T FOR REACTIONS I AND II OCCURRING INSIDE AN ORE PARTICLE. 


Fe;0, aa He = 3FeO + H,O [I] 
FeO + Hz = Fe + H,O [IT] 


Py, is fixed at 1 atm. According to the 
phase rule: 


F=C-—-P+2 


the internal system has three components 
and three phases. The degrees of freedom 
are therefore: 


F=3-3+2=2 


and f(T, P) = o. At any given temperature, 
only pressure remains a variable. At the 


Consequently, at any of the temperatures 
under consideration, fixing the partial 
pressure of either H. or H,O immediately 
establishes the partial pressure of the 
other and the total pressure of the system 
The problem is identical with that for 
gas reactions within the steel shell of a 
steam boiler as compared with reactions 
in the boiler itself.??” 
From the relationship: 


Pu. 





= Kin 


Pr, 
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the partial pressure of H,O within the 
particle can be determined; and the total 


pressure becomes: 


Z Pins. _ P*y, + Pu.o 
= P*y,(1 + Kin) 


In Fig. 17, the lower curve family depicts 
the variation of 2P,,,.. with T for reduction 
at atmospheric pressure. The potential 
internal pressures are always greater than 
1 atm., exceeding 120 lb. per sq. in. in 
the presence of Fe;O, at 1o00°C. and 
clearly indicating their role of counter- 
action to sealing surface films. Reaction 
with FeO causes but little pressure increase. 
Intermediate pressures, of course, occur 
at intermediate wiistite compositions, indi- 
cated in the figure as an area. Conversely, 
in the reduction of hematite, the FeO; 
should cause exceptionally high pressures 
to obtain. 

This phenomenon, therefore, belongs 
in a consideration of factors affecting 
reduction, for hydrogen is known to 
remove nonmetallic impurities even from 
solid steel by this pressure action leading 
to intergranular channeling and escape 
of the reaction product.?””7 However, 
mention should be made of a common 
fallacy, expressed by Wiberg,® for example, 
that hydrogen is able to escape, but not 
water vapor, and that the trapped gas 
must therefore be predominantly H,O. 
While the conclusion may be partly true in 
fact, the premise is wrong because the 
chemical principles just discussed state 
that H, cannot escape from an internal 
accumulation against an external atmos- 
phere having the same partial pressure. 
If the trapped Hz: did effuse, which it 
could do only if the external Py, were 
diminished, the internal equilibrium ratio 
of H,O-H, would be exceeded, and the H,O 
would promptly oxidize the surrounding Fe 
to reform Hy, and deplete H,O. In that 
way, H;0 is able to “escape” as readily 
as Ho». 

Also, it should be made clear that the 
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internal system is not truly isolated 
in the thermodynamic sense because of a 
measurable diffusion rate of H.O, and 
that therefore these calculations yield only 
asymptotic values. The complete system 
is nonequilibrium, of course, for 


(Pu.0/Puyz)ext. 


is less than the ratio demanded by 
the monovariant equilibrium at tem- 
perature JT, and one phase, the oxide, 
must therefore disappear. This fact un- 
derwrites the reduction process. The 
calculations depend upon the much greater 
diffusion rate of H through Fe to equalize 
(Pa,)int. and (Pu,)ext. at the expense of the 
equalization of (Px.o)int. and (Px,0)est. 

A second cause for the possible deviation 
in Udy and Lorig’s curve E is now ap- 
parent; that is, a gas stream of composi- 
tion Ag,-By,o actually approaches a 
quasi-equilibrium with a gas phase inside 
the semireduced particle whose composi- 
tion is Ay,-B’y.o where B’y.o is > Bu,o 
because the diffusion of HO through Fe is 
slower than the diffusion of He, and the 
enclosure permits attaining the hyper- 
atmospheric pressures required by B’y,o. 
Cessation of internal reduction is governed 
by the Aq,-B’y,0 ratio, of course; whereas 
an investigator measures only the Ay,-Bu,o 
ratio and includes this discrepancy among 
his data. 


Reduction under Pressure 


When reduction is performed under 
increased pressure, as in the investigation 
of Tenenbaum and Joseph** and Diep- 
schlag,!”! the potential internal pressures 
become those shown by the other curve 
families in Fig. 17. Using reduction under 
2 atm. pressure, Tenenbaum and Joseph* 
found that with increasing 7 reduction 
under pressure had increasing efficiency, 
reduction at 800° and at 1000°!7® being 
much more rapid than at 600°. This seem- 
ing contradiction of the 600° rate maxi- 
mum in the present work is now readily 
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understood, for in Fig. 17 one may see 
that at 600° the potential disruptive 
pressures increase only from 20 to 40 lb. 
per sq. in. on changing P*y, from 1 to 
2 atm. At 800°, however, the minimum 
pressure is greater than 40 lb. per sq. in., 
and may reach 100. At 1000°C., internal 
rupturing pressures greater than 200 lb. 
per sq. in. are indicated; and at Py, = 
7 atm., as in Diepschlag’s research,}”? 
disruptive pressures approaching 1000 lb. 
per sq. in. can be reached, which cer- 
tainly can be effectively counteractant 
to formation of surface film. 

This steep slope of 2Pist. with T there- 
fore provides an alternative to Tenenbaum 
and Joseph’s explanation for the lesser 
effect at 600°. Whereas they simply 
ascribe it to a slower diffusion rate at 
the lower temperature, the present dis- 
cussion describes how the gas phase within 
ore particles at elevated temperatures may 
attain sufficient total pressure literally to 
blast open its diffusion path, destroying the 
protective skin causing the lagging phenom- 
enon. The fundamental driving energies 
depicted in Fig. 13 are then allowed to 
proceed, making reduction at 800° faster 
than at 600°. 

This ready explanation conversely makes 
it especially probable that the factor 
responsible for lagging has the nature of a 
protective envelope, either the metallic 
Fe itself or a nonmetallic film. 


THERMODYNAMIC PRINCIPLES OF 
CO REDUCTION 


Fundamental Reactions 


As with He reduction, certain thermo- 
dynamic principles of CO reduction submit 
to further clarification. The equations 
generally discussed are: 


Fe;0, + CO = CO, + 3FeO [III] 
FeO + CO = CO, + Fe [IV] 


If activity changes in FeO and Fe;0, are 
again disregarded: 


Ku = te [IIIa] 
P'co, 

Kw = py [IVa] 
co 


Schenck*? gives probably the best 
evaluation for Kyy ry: 


log Kin = — ais — 0.341 log T 
+ 0.00041T + 2.303 [IIIb] 
log Kiy = ” — 2.110 log T 


+ 0.000395T + 5.357 [IV8] 


and these are the equations that were 
used in plotting Fig. 1. The critical point 
is again assumed to lie between 560° and 
570°C., in spite of a possibility that the C 
content of the Fe phase, and possibly the 
oxide phases, may drop the critical 
temperature to 540°C.*! 

Unlike H, reduction, CO reduction 
suffers from two complications resulting 
from thermal dissociation of CO: 


2Pco = Poco: + Pc [V] 
- _ (Pco:)(Pc) , 
Ky = (Poo)? [Va] 


which shows the introduction of a possible 
new phase, carbon, into the system; and 





2Pco; = 2Pco + Po: [VI] 
(Pco)?(Po:) . 
is te (Poo)? iat 


which shows that this so-called “‘reducing” 
agent has oxidizing propensities. 

For the variation of reactions V and VI 
with temperature, Schenck*? gives: 


40,800 
asnit 4.864 log T 
+ 0.00301T — 0.627 
X 107*T? + 0.479 
X 10773 + 2.926 [Vb] 





log Ky = 


when Pg is the carbon saturation pressure 
of 8 graphite; and 
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log Kyi = — a + 2.75 log T 


— 1.215 X 107°T + 1.35 


X 1077T? + 2.20 [VID] 


There are four principal forms in the 
gas phase: CO:, CO, C, and O, which act in 
reduction, oxidation, and carburization 
of iron, forming both solid solutions and 
compounds of iron with oxygen and 
carbon. Consequently, the reduction equi- 
libria expressed by Eqs. III and IV are 
incomplete and must include carburizing 
reactions: 


Po = Pic) = m[C] [VII] 
Cc 

Kyun = [VIIa] 

where [Cleat. = Kyir: Pe-craphite 
3Fe+[C]=Fe,C [VIII] 

Fe;C : 
Kym = TE [VIIa] 
Also, 
Fe + Pco = FeO + [C] [TX] 
_. Bete . 

Ax =: Km — [Fe](Pco) [1Xa} 


which combines Eqs. III, V, and VII and 
expresses: (1) that CO simultaneously 
oxidizes and carburizes Fe, and (2) that 
carburization increases almost linearly 
with increasing Peo until late stages when 
[Fe] becomes sufficiently less than unity 
to affect the ratio. 

Combining Eqs. VIII and IX depicts 
the same reaction forming cementite: 


4Fe + Poo = FeO +FesC =[X] 
, » : Kvy-Kvyn: Ky 
Kx = Kyvin- Kix = ¥ i 
11 
_ _FesC] 
~ [Fe]*(Pco) 





[Xa] 


Free-energy Characteristics of Reduction 


Like the previous Fig. 13 for He reduc- 
tion, Fig. 18 contains AF families that 
express the driving energy of reactions III 
and IV, except that only one initial gas 
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composition is considered. In each case, 
calculations are based upon reduction by 
CO regenerated at 1000°C. over pure car- 
bon and without further purification. 
That places the horizontal base line for 
the incoming gas system at: 


Poo, * 107* atm. 


The AF families in Fig. 18 employ two 
extreme suppositions: (1) thermal dis- 
sociation is negligible before reduction 
(AF*), and (2) thermal dissociation is 
complete to the extent conforming to 
equilibrium (AF?), 

In the first case, the gas stream at all 
temperatures impinges upon the ore with . 
its primary composition of about 99.5 
per cent CO and o.5 per cent CO2; and 
AF, for this case identified as AF*, would 
at all temperatures under consideration 
be sizably negative and increasing along 
with temperature for both reactions III 
and IV. 

In the second case, AF, the superscript 
designating reduction after thermal dis- 
sociation, proves to be zero for reaction 
III at 640°C. and for reaction IV at about 
7oo°. At higher temperatures, AF? then 
quickly becomes markedly negative, until 
at 1000° AFP = AF*. 

Between these extremes lie the values 
involved in practice; and the lay of the 
two curve families show preference for 
reduction at temperatures considerably 
higher than the 600° selected for hydrogen 
reduction, which is in keeping with 
experience. ®.67,124,170,174 Tn fact, the dis- 
sociated gas will oxidize Fe to FeO at 
temperatures below 700°, and will oxidize 
it right back to magnetite below 640°. 

The quintuple point at 565°C. should be 
noted, where FeO, Fe;0,, carboniferous 
Fe, graphite, and gas coexist, the gas phase 
obviously having subatmospheric pressure 
because the curve for one atmosphere 
lies to the right. Also, an infinite series of 
quadruple points lies along curve V 
between curves III and IV where carboni- 
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ferous Fe, gas, and graphite coexist with 
an oxide phase of fixed composition. 


Principles of Graphitization 


The solid curve sloping up toward the 
left in Fig. 18 represents the thermal 
dissociation over B-graphite of reaction V 
at 1 atm. total pressure, calculated from 
Eq. Vb. Therefore, the area included 
between that curve and the axes is a field 
of potential graphitization, the height 
of the area at any temperature being 
related to that potential by the expression: 


AF = RT (In Kp —In Ky) 
= —2.303RT (log Ky + 2) 


Also, the linear height of the area measures 
the proportion to which graphitization 
can occur. 

Since Poo and Peo, are fixed by the 
regenerating treatment over free carbon 
at 1000°C., Po is greater than Pggraphite 
at all temperatures below 1000°C., 
becoming greater with decreasing tem- 
perature. When metallization begins, the 
Fe immediately absorbs C according to 
reaction VII or VIII, which counteracts 
the tendency toward forming free graphite 
in the early stages of reduction. Because 
Pe is so great with respect to Pic), how- 
ever, Fe will tend to absorb C until 
saturation is reached and free carbon 
appears as a new phase. 

This, then, accounts for the fact that 
graphitization is more pronounced in 
late stages of reduction. **-55.56,176,179 

Following similar reasoning, one can 
understand the temperature function of 
graphitization shown in Tenenbaum and 
Joseph’s!”*® Fig. 3 as representing the 
increasing graphitization potential as the 
temperature drops below the equilib 
rium, or regenerating, temperature, coun- 
teracted by a thermal barrier which 
likewise increases with decreasing tem- 
perature, becoming especially active below 
the temperatures known to be favorable to 
catalysis. The result is a reversed-rate 


curve with maximum deposition at a 
temperature (500° to 600°C.) low enough 
to effect a large change in free energy 
and yet high enough to have the necessary 
thermal energy for expediting the reaction. 

Also shown in Fig. 18 is an upsweeping 
dotted line lying below the dissociation 
curve for 1 atm. This second curve repre- 
sents a total pressure of 0.1 atm. for CO, 
and CO and indicates that dilution with 
another gas, such as Ne or Hg, should 
decrease graphitization even for equal 
quantities of CO-CO, passed. This sub- 
stantiates Bone, Reeve, and Saunder’s!®! 
conclusion and contradicts Meyer’s.”* De- 
creasing pressure, of course, throws reac- 
tion V to the left. 

Incidentally, increasing pressure, which 
throws reaction V toward proportionately 
higher Pc and lower Poo, does not “destroy 
the reducing power,” as claimed by a recent 
writer,”” but on the contrary considerably 
increases it.!71:176 The increased graphitiza- 
tion, of course, as a physical factor might 
seriously interfere with reduction. 

If the rate of thermal dissociation were 
to exceed the rate of C absorption by the 
Fe, it would obviously be useless to attempt 
to “purify” CO as Hz may be purified. 
In fact, it would be harmful, for purifica- 
tion would increase the free energy driving 
graphitization and the quantity of graphite 
produced. Correspondingly, regeneration 
of the gas would then not be recom- 
mended at temperatures above the reduc- 
tion temperature. Thus, reduction at 800° 
would be conducted with gas containing 
to per cent CO, and having the thermo- 
dynamic potential indicated at 800° on 
the AF? curve family. Conversely, this 
explains the fact that CO, in sufficient 
quantity inhibits graphitization.**.55.56. 176 

In fact, referring back to reaction V, one 
sees that halving Poo, doubles Pc at high 
Peo values. The condensation of carbon 
therefore rapidly becomes more likely the 
purer the CO. For that reason, perhaps 
the further purification of CO by Ascarite, 














0. GEORGE SPECHT, JR. AND CARL A. ZAPFFE 265 


for example, is inadvisable. Should carbon the dissociation into CO, and carbon, 
nuclei once form, primary P* values would and that dissociation therefore does not 
rapidly approach the dissociation values destroy the reducing power of the gas at 
and the free-energy family AF* would higher temperatures. 
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drop to a position approaching the AF? Mechanism of CO Reduction 
family. While it can readily be argued that CO 
A significant feature of the system, is responsible for the initial surface reduc- 
however, is that AF? for 1 atm. pressure tion, the present writers believe that Pe is 
remains negative above 700°, regardless of the active reducing agent in subsequent 
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stages. First, that assumption is eminently 
logical on the basis of the foregoing dis- 
cussion of carbon activity; second, atomic 
carbon certainly diffuses through Fe more 


reaction with the iron oxide must form CO 
according to reaction IX, which must 
therefore establish an over-all effusion of 
CO, rather than an infusion. 
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rapidly than the diatomic CO and will 
therefore predominate as a factor in the 
quasi-equilibria of internal reactions just 
as Hz predominates over H,0O; third, 
with C known to be dissolved in the Fe, its 


Considering the case, though presumed 
less likely, of Peo controlling the internal 
reduction reactions through diaphragm 
activity as discussed for He reduction, 
then: 
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TPint, = P¥oo + PUM oo, 
= P¥oo(1 + Kinuav) 


Here (Pco)ext. is fixed by the regenerating 
reaction V and approaches equalization 
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with (Poo)int. at the expense of equalization 
of the more slowly diffusing CO». 

Resulting =P curves for reduction at 1 
atm. and at 2 atm. are presented in Fig. 19. 
As with Hz reduction, 2Pyy increases 
sharply with T and with P. Unlike the 
curves in Fig. 17, however, the pressures 
obtainable in contact with FeO(2Pyy) 
decrease with increasing T. 

On the other hand, calculations based 
upon carbon activity seem highly pref- 
erable, for reasons already mentioned. 
Too often overlooked in published work is 
the fact that CO not only reduces, but 
carburizes; and that the product of 
reduction is not Fe, but a carboniferous 
iron. In initial ‘stages, the system -com- 
prises three components and three phases: 
oxide, carboniferous Fe, and gas. Since 
Po is > Pperaphite, the stage is likely 


to be reached in which graphite nuclei 
appear. Indeed, internal graphitization is 
even commonly observed. 

That condition would result in an 
outright irreversible reduction reaction 
if it were not for the LeChatelier principle 
active in Eq. V. Thus, the Poo,/Pco ratio 
required for reactions III and IV can be 
regained through the Boudouard reaction V 
at temperatures above the quadruple 
point at 700° by increasing 2P to throw 
the reaction toward proportionately higher 
Pco,/Pco ratios. With pressures above 
atmospheric, curve V in Fig. 18 therefore 
moves to the right, raising the temperature 
of the four-phase zone. 

The pressures necessary to effect this 
internal equilibrium are depicted in Fig. 20 
by curves that refer to equilibria over free 
carbon. That is, from Eqs. III, IV, and V: 


Ill IIl 
a CO:z t~ Poco 


Kin = P55 = er. {IIIa 
P'V - on pV - R 
Kw = pw = pw [IVa] 


Ky = (P’co:)(Pc) _ 1 (1 — P*co) (Pc) 
5 (P% co)? P (P¥co)? 
[Va] 
Equating Pr = a = Fins and 
neglecting the small constant Pe: 


> (1 —_ P* co) 
2 Pint. =P= Pco + Poco, = K’v(P%co)? 
since: 
pu = plv = PY., = me. See 
co co co Kesv + ' 
Kinav(Kunaiv + 1) 
DPin . = SS. ——* 
5 (K'y) 


If free carbon does not form, the fact that 
Pc in applied reduction is invariably higher 
than Pperapritt means that even higher 
total pressures are necessary to satisfy Ky. 
These are indicated by the shaded areas. 

Fig. 20 further clarifies the “lagging”’ 
phenomenon discussed earlier and accounts 


‘for Wiberg’s® data, reproduced in Fig. 21, 


which show lagging in He reduction in 
contrast to the normal curve for CO 
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reduction. Thus, internal pressures of 
thousands of pounds per square inch are 
easily attained in CO reduction, which 
would readily counteract any tendency 
toward film formation and encasement of 
unreduced ore. Conversely, such pressures 
are necessary before the thermodynamic 
potential AF can be reduced to zero, 
stopping the reduction reaction. The 
progress of reduction is therefore quite 
normal. With Hz reduction, however, 
only comparatively moderate pressures 
can be obtained even when supernormal 
furnace pressures are used. 

The formation of Fe;C might introduce 
another complication into this system, 
since it would represent a new phase in the 
sense of the phase rule. However, carbonif- 
erous Fe and graphite are the stable 
forms up to 1200°C., according to Seltz 
et al.,22® whose work corrects some earlier 
statements and allows confining the fore- 
going calculations to systems of graphite 
and carboniferous Fe. 


REMARKS ON OTHER GASEOUS 
REDUCING MEDIA 


Reduction with virtually all other com- 
monly used gaseous media except chlorine 
utilizes H and CO as the active agents and 
therefore fundamentally involves the prin- 
ciples just discussed. Furthermore, when 
H, and CO are used together, as in H,-CO 
mixtures and hydrocarbon gases, the 
system categorically becomes that of the 
well-known water-gas equilibrium: 


H. + CO. = HO + CO [XT] 
. Ky Ku (H.O)(CO) ’ 
Kx = >—- => = = ~———  [) 
a Km Ke (H2)(COs) Xie] 


Chipman and Murphy“ give a highly 
accurate expression for Kxy: 


log Kxx = — — — 0.201 log T 
— 0,.000393T + 5.46 X 10787? 
+ 2.979 [XIb 
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The increase of Kx: with temperature 
indicates the greater relative reducing 
power of He at elevated temperatures as 
compared with CO, caused by the thermal 
dissociation of CO producing O. 

It should also be noted that the extra 
component in this combined system 
provides an extra degree of freedom, which 
complicates the analysis of reduction in a 
manner that will not be discussed here. 


CONCLUSIONS 


An exhaustive review of published work . 
on low-temperature gaseous reduction of 
magnetite by He, CO, and other gases 
reveals confusion regarding certain thermo- 
dynamic and chemical factors fundamental 
to the process. On the basis of this review 
and an original research with H; reduction, 
these factors are discussed from the stand- 
point of thermodynamics, the phase rule, 
and chemical principles of gas-metal 
equilibria. The following conclusions have 
been reached: 


GENERAL 


1. The thermodynamic potential, or 
free-energy change, is the fundamental 
driving force for all reactions. A function of 
temperature, the composition of the ore, 
and the impinging gas, AF values can 
depict the general thermodynamic status 
of reduction at any period, the direction 
of the over-ali reaction, the effect of 
temperature, the effect of the accumulating 
gaseous product H,O or CO; on reduction 
deeper in the bed, the effect of preliminary 
gas purification, and the limit beyond which 
any given reaction cannot go. 


REDUCTION WITH H;: 


1. With increasing temperature, the 
thermodynamic potential of reduction 
increases regularly and rapidly whether 
Fe;0,, FeO, or wiistite is considered; 
and initial reduction rates correspondingly 
increase regularly to indicate that the 
thermodynamic driving energy of the 
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reduction reaction is the principal factor 
in initial stages. 

2. Above 600°C., these initial rates lag, 
causing a maximum for total reduction 
to occur at 600°. It is assumed that the 
accumulating reaction product, Fe, fuses 
or crystallizes above that temperature to 
form a physically impermeable diaphragm 
surrounding the semireduced particles. 
Nonmetallics fluxed by FeO may enhance 
this coating. Hydrogen, which is able to 
diffuse chemically through the Fe dia- 
phragm, encounters enclosed iron oxide, 
forming entrapped H,O under quasi- 
equilibrium pressures, which thereupon 
reduces the driving energy of the reaction 
to zero and reduction temporarily stops. 
This causes the “lagging” phenomenon 
at temperatures above 600°. 

3. Calculations of these total internal 
gas pressures reveal an ability of the 
trapped gas to burst the enclosing film, 
depending upon the film’s strength and 
thermodynamic conditions of temperature, 
partial pressure, and so forth. Especially 
with higher furnace pressures, the potential 
internal pressures rapidly increase to values 
of hundreds of pounds per square inch. 
Disruption of the metallic shell by these 
entrapped gases destroys the metastable 
equilibrium conditions and once again 
allows reduction to proceed. Thus, with 
reduction under pressure, maximum reduc- 
tion rates occur at temperatures higher 
than 600°. 

4. Confusion in published discussion 
on the effect of bed depth can be clarified 
on the basis of thermodynamic potentials 
and the principles of pressure in gas-metal 
equilibria, which are explored in the 
text. 

5. Decreasing particle size from 10 to 
100-mesh led regularly to increased reduc- 
tion rates in the present work, indicating 
that intraparticle fusion is more important 
in slowing reduction than interparticle 
sintering. 

6. Miscellaneous kinetic factors reported 


in the literature are also discussed in the 
text. 


REDUCTION witH CO 


1. With increasing temperature, the 
thermodynamic potential for CO reduc- 
tion likewise regularly increases, whether 
thermal dissociation of the gas occurs 
or not. 

2. Unlike Hz: reduction, CO reduction 
involves reducing, oxidizing, and car- 
burizing propensities; an infinite series of 
quadruple points exists within a narrow 
region of the phase diagram where gas, 
graphite, and carboniferous iron coexist 
with oxide of a fixed composition; there 
is one quintuple point where gas, graphite, 
FeO, Fe;0,, and carboniferous Fe may 
coexist; and above a certain temperature 
and carbon pressure the reduction reaction 
becomes irreversible for any given furnace 
pressure. 

3. Within a semireduced particle afford- 
ing entrapment of gases, however, this 
irreversibility is counteracted by the 
pressure sensitivity of the Boudouard 
reaction, which allows reversible equilib- 
rium conditions to obtain at high pressures 
because of the shift to higher Poo,/Pco 
ratios for a given Pe. 

4. This pressure phenomenon is of much 
greater degree than in He reduction and 
accounts for the lack of a “lagging” 
phenomenon in CO reduction, and for 
the preference of temperatures as high as 
1000°C., in contrast to the 600° recom- 
mended for H; reduction. 

5. Carbon, rather than CO, is judged 
to be the active agent in reduction, at least 
after initial stages; and absorption of C by 
the Fe is therefore a principal factor. When 
[C] increases, a point is reached where 
graphite nuclei may appear, with conse- 
quent decomposition of the gas phase and 
deposition of carbon. 

6. Graphitization becomes more likely 
the purer the incoming CO; is inhibited 
in initial stages of reduction by the absorp- 
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tion of C by Fe; decreases with decreasing 
total pressure of carbon oxides in the 
system even with equal total quantities 
of carbon oxides passed; and the thermo- 
dynamic potential of graphite formation 
increases so rapidly with further purging 
of CO, from a CO atmosphere that over- 
purification should be avoided. 


OTHER GASES 


1. Except for such gases as chlorine, 
all other customary reducing gases are 
C-H compounds and therefore involve the 
fundamental principles of CO and Hy, 
reduction. 
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DISCUSSION 


(C. H. Lorig presiding) 


M. C. Upy.*—I wish to congratulate the 
authors on a very fine paper. The summary of 
previous work is particularly well done. 

The more formal thermodynamic treatment 


. of some of the data first presented by Dr. Lorig 


and me (author’s reference 71) is well taken 
and seems to substantiate our conclusion that 
the diffusion rate of water vapor from the seat 
of reaction through the already reduced enve- 
lope of metal is the controlling factor in the 
over-all reduction process. 

Iam happy to see that the authors have been 
able to substantiate our disclosure of a lagging 
in the rate of reduction in the later stages of 
the reaction as the temperatures are increased. 
Our data, too, show an initially higher rate 
for the higher temperatures with the lagging 
coming at a later stage. This point was not 
emphasized in our paper. 

Subsequent to our published work, tests 
were made on several other ores. The lagging 
phenomenon was noted with three different 
magnetites. The greatest degree of lagging in 
all cases seemed to come at about 700°C. The 
lowest temperature at which lagging became 
apparent, however, did not seem to be the 
same for the different materials. Mill scale, for 
example, showed lagging at 600°C. (as com- 
pared with 500°). Similar tests on a hematite 
ore showed no indication of lagging whatsoever, 
the rate of reduction increasing with tempera- 
ture in a normal manner. This seems to be in 
agreement with the authors’ statement that 
with FeO; high internal pressures would be 
obtained (capable of disrupting the enclosing 
envelope of metal, and thus allowing the 
reduction to proceed). 


M. B. Bever.{—The subject of this paper 
is of fundamental importance for an under- 
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standing of the conventional blast-furnace 
process as well as of sponge-iron processes. 
Some of the reactions studied by the authors 
are also of interest to the physical metallurgist, 
as they are involved in scaling and carburizing 
of ferrous materials during heat-treating or in 
service at elevated temperatures. The detailed 
review of the literature contained in this paper 
will therefore be welcomed. The experimental 
results reported by the authors supplement the 
recent work of Joseph and Tenenbaum and of 
Udy and Lorig. The analysis of the factors 
affecting gaseous reduction is novel in several 
respects and raises a number of questions, 
some of which will be dealt with in this 
discussion. 

The authors propose Eq. I,ITe as a measure 
of the driving force or distance from equi- 
librium, but there is little interest in such a 
function unless it can furnish information on 
the reaction rate. They have failed to show that 
their equation has more than qualitative sig- 
nificance in this respect. In particular, the 
authors have not demonstrated—either by 
theoretical deduction or by experiment—that 
their expression is superior from a kinetic 
standpoint to a linear expression in terms of 
concentrations. 

It may be noted that the logarithmic nature 
of Eq. I,Ile results in a driving force of infinite 
magnitude for a pure reducing gas. If the reduc- 
ing actions of two nearly pure gases such as 
hydrogen and carbon monoxide are to be 
compared, the In Kp, terms, which are inde- 
pendent of the nature of the reducing gas, are 
so large that they outweigh completely the In K 
terms characteristic of the equilibria. These 
implications do not disprove the formal thermo- 
dynamic correctness of Eq. I,ITe but suggest 
that the rate of a reaction is not a simple 
function of the driving force defined by this or 
similar equations. This is universally accepted 
as a consequence of the essential difference 
between thermodynamics and kinetics. 

It is well known that many reactions do not 
proceed at a measurable rate, although the 
resultant free-energy decrease would be large. 
Several facts can be quoted as evidence that 


- the rate of a reaction depends also on other 


factors than the driving force. The occurrence 
of catalytic effects illustrates this point. The 
rate of a gas-solid reaction may be affected 
by the selective adsorption of a gas on the 


solid. Diffusion and structural features may be 
important rate-determining factors. Finally, 
the effect of temperature on the driving force 
expressed by Eq. I,Ile is unquestionably not 
the only factor causing the reaction rate to 
change with temperature. 

Throughout their discussion of the mecha- 
nism of reduction, the authors appear to assume 
the existence of a separate gas phase inside the 
semireduced particle. Rifts and defects existing 
in the particle and cracks caused by the reduo- 
tion process itself may admit gas to localized 
zones. The paper does not deal with the 
pertinent structural questions, but treats hy- 
drogen and water vapor in simple terms of 
pressure. It is likely that at least part of the 
reduction takes place by reactions within the 
lattice of the solid particles. In applying equi- 
librium constants to these reactions, the change 
in activity of the reactants and products must 
be taken into account. For this reason, Eq. 
I,ITe unless suitably modified is not applicable 
to reactions in the solid state. 

Even if the driving force calculated by 
Eq. I,IIe were related in a useful manner to 
the reaction rate, it would not be a convenient 
parameter in an equation describing the reduc- 
tion of a large number of particles, since it 
could not apply to systems in which the gas 
composition varies with time or with position 
in space. The authors touch on this point 
when they suggest that the significance of the 
driving force can be appraised by ‘‘ considering 
the passage of the reducing gas through the 
ore bed on the basis of a series of minute 
isolated systems.” This would require a compli- 
cated experimental and mathematical tech- 
nique. The present paper does not contain this 
type of analysis but gives only a few arbitrarily 
chosen illustrative examples. _ 

The authors’ interpretation of the data of 
Udy and Lorig concerning the effect of bed 
depth on reduction is not convincing. In Udy 
and Lorig’s work the water vapor in the exit 
gas is the cumulative concentration that results 
from the action of the gas stream on the ore 
bed over a certain period. The composition 
of the exit gas cannot be assumed to be con- 
stant during this time. Further, this exit gas 
can affect only the last volume element trav- 
ersed. The data of Udy and Lorig, therefore, 
are not suitable for a fundamental thermody- 
namic or kinetic analysis but merely describe 
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the over-all reduction of the bed. Incidentally, 
their paper contains a competent discussion 
of the significance of their results. 

The tentative suggestion of a “minimum 
effective energy” or ‘“‘threshold energy” must 
be rejected. As pointed out in the preceding 
paragraph, the data in Fig. 15 are not a suitable 
basis for any detailed analysis. Further, no 
a@ priori reason exists for plotting the logarithm 
of bed depth. Finally threshold energy as a 
concept is foreign to thermodynamics and will 
not be welcome in kinetics where activation 
energy is used. 

This paper introduces the notion of “ quasi- 
equilibrium ” which, if sound, would revolution- 
ize chemical thermodynamics. Obviously this 
quasi-equilibrium is not meant to be identical 
with metastable equilibrium. Assuming that 
such a quasi-equilibrium exists, two questions 
may be asked: How could the true equilibrium 
value be determined by experiment and what 
significance has it retained? 

The authors state that large internal gas 
pressures may build up within the particles. 
This thesis calls for a far more thorough analy- 
sis of the structural features and diffusion 
phenomena involved than is contained in this 
paper. In particular, do the authors believe that 
the accumulation of gas occurs primarily in 
cavities or within the lattice itself? What are 
the factors that make diffusion into these 
high-pressure zones possible? Answers to these 
fundamental questions concerning the mechan- 
ism suggested by the authors will advance our 
knowledge of ore reduction. 

In their discussion of internal pressures, the 
authors state that “intermediate pressures” 
(corresponding to the area between curves I 
and II in Fig. 17) “occur at intermediate 
wiistite compositions.” This statement is in 
error. The area between curves I and II repre- 
sents pressures that have not reached the pos- 
sible maximum value for reaction I and the 
area below curve II represents pressures below 
the equilibrium value for reaction II. The 
authors’ statement ignores the existence of 
the extensive two-phase field between magne- 
tite and wiistite in the equilibrium diagram. A 
similar objection must be made to the state- 
ment “ . the removal of oxygen is continu- 
ous, the solid solution, wiistite, not FeO, being 
formed from the reduction of Fe;0,.” 

It seems an underestimation of the impor- 


tance of stepwise oxygen removal to character- 
ize the reduction of magnetite to wiistite as a 
dissipation of 25 per cent of the work of reduc- 
tion. Concerning the use of the phase rule in 
kinetic arguments, it should not be overlooked 
that this rule presupposes that equilibrium has 
been reached. 

The authors assign the single AF line below 
565°C. in their Fig. 13 to reaction I. This is 
surprising, as this reaction involves FeO, which 
is not stable in this temperature region. Above 
565°C. FeO, is “hyperactively dissociated,” 
according to this paper. The thermodynamic or 
kinetic significance of this coneept requires 
elucidation. 

Much of the reasoning presented in this 
paper depends on the correct answer to ques- 
tions involving diffusion; in particular, the 
diffusion of water vapor and of the oxides of 
carbon. While the authors seem to assume that 
these gases diffuse as such—that is, as mole- 
cules—it is generally held that polyatomic 
gases dissociate before diffusing through a 
solid. On this assumption, if water vapor 
diffuses outward simultaneously with the in- 
ward diffusion of hydrogen, the main effect is 
the outward movement of oxygen. The oxygen 
gradient is maintained by the removal of 
oxygen from the surface layer where it reacts 
with hydrogen and escapes as water vapor. 

As Joseph and others have emphasized, dif- 
fusion must be recognized as one of the chief 
factors in the kinetics of reduction. If this is 
kept in mind, the effect of particle size on the 
rate of reduction becomes obvious and specu- 
lations about the relative importance of :nter- 
particle and intraparticle sintering lose their 
basis. 

Since the equilibrium data have been known 
for some time, the remaining basic problems of 
the gaseous reduction of iron oxides are those 
of kinetics. These problems should be studied 
quantitatively on carefully prepared individual 
particles in the manner already successfully 
used by Joseph and others. The main variables 
will be gas composition and pressure, tempera- 
ture and the nature of the iron oxide. The re- 
sults of such a study probably will establish 
that diffusion and the phencmena at the seat 
of reaction and at the solid-gas interface are 
the major rate-determining factors. On the 
basis of such fundamental kinetic data, com- 
posite systems made up of many particles may 
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be investigated with the promise of significant 
results. 


O. G. Specut and C. A. Zaprre (authors’ 
reply).—We wish to express our appreciation 
of the time and thought Dr. Bever obviously 
has given to examination of our paper. Some 
of his points are well taken; on others we 
must differ with him. 

For example, the term ‘quasi-equilibrium”’ 
would be advisably replaced by Lewis and 
Randall’s “‘partial equilibrium.” If Dr. Bever 
is serious, however, in proposing that a revolu- 
tion in chemical thermodynamics hinges on 


_ proving the concept denoted in the paper as 


*‘quasi-equilibrium,” we can refer him to 
numerous experiments in which atomic hydro- 
gen under pressures considerably less than 
atmospheric provides diffusion of H through 
solid steel from one side to form thousands of 
pounds per square inch of H, on the opposite 
side (see ref. 227). In such experiments, which 
are strictly analogous to the case under con- 
sideration, a steady state is reached between 
two portions of a chemical system whose 
junction is a membrane having differential 
permeabilities to H and to He in one case, and 
to H and H;j0 in the other. 

Dr. Bever is again correct in pointing out 
the unlikelihood of our alternative explanation 
concerning a ‘‘minimum or threshold energy,” 
although we similarly conclude in favor of the 
pressure theory. And, of course, on page 259 
there is the obvious error of identifying reaction 
1 with the Fe;0,— Fe reaction occurring 
below 565°C. Fortunately, this is nothing 
other than a loose statement having no effect 
on either calculations or conclusions, since 
the H,0/H; ratio in unchanged form controls 
both the direct reduction of Fe3;O, and its 
component reactions, Eqs. I and II. 

Some exceptions must be taken to Dr. 
Bever’s remaining comments. This paper does 
not propose a new rate equation. It under- 
takes instead recognized abnormalities in 
existing rate determinations. By thermo- 
dynamics and the phase rule it first shows what 
reactions can proceed and to what limits they 
can go. Next it provides measurements for 
the energy available for those reactions, which 
is a worth-while factor to know regardless 
of the cliché which always revives in an argu- 
ment over equilibrium and reaction rate. 
Lastly, it develops the concept of a double 


(or partial) equilibrium system enabled by the 
existence of a diaphragm having an artificially 
supported atmosphere on one side and per- 
meable only to one of the components. 

This study does therefore “‘furnish informa- 
tion on the reaction rate.’’ It informs us that 
the observed rate is a complicated function 
of at least two integral rates, for there are two 
differing chemical systems on either side of 
the diaphragm. The investigator makes his 
measurements only on the external side. As 
the gas enters the interior of the particle, 
the rate of deoxidation can be very high there, 
tapering off to zero under the conditions of 
trapping. Yet, neither the high nor the low 
rate is reflected in the recorded measurements 
because the gaseous product remains inside 
the particle. And if these occluded reaction 
products attain a pressure exceeding the 
particle’s resistance to rupture, they suddenly 
effuse, modifying the measured rate for reasons 
that would not be recognized except for the 
type of discussion in this paper. 

In regard to Dr. Bever’s question on the 
location of the internal gas reaction, we assume 
that the principal deoxidation reaction occurs 
at surfaces inside the particle and that the 
principal mechanism for oxygen removal is 
channeling of the compressed reaction product. 
We believe that the particles are always suffi- 
ciently discontinuous in structure to afford 
these necessary latticular openings, and that 
the removal of oxygen by atomic diffusion is 
an unimportant process. Since these systems 
are pressure-sensitive, H,O does not precipitate 
within the lattice when H and O contact one 
another to develop potential H,O pressures 
that are less than the rupturing strength of 
the lattice. Instead, the solubilities of H and O 
simply increase to regain the balance of the 
equilibrium system. At an internal surface, 
however, the fugacity of the reaction product 
can express itself through evaporation, and 
the pressure of this developed phase may then 
become mechanically effective in completing 
the chemical reaction. 

Dr. Bever’s criticism of the intermediate 
pressures assumed to exist over wiistite 
solutions of intermediate oxygen fugacity is 
acceptable in part for the reason that the 
area between curves I and II admittedly does 
not contain certain details relating to the 
Fe-O diagram which remain to be expressed 
in later refinements of this subject. 





A Test for Hydrogen Embrittlement and Its Application to 17 Per 
Cent Chromium, 1 Per Cent Carbon Stainless-steel Wire 


By Cart A. ZApFFeE,* MEMBER A.I.M.E., AND ‘M. ELEANOR Hastemt 
(Cleveland Meeting, October 1944) 


THE present investigation has three 
principal purposes: 

1. To develop a method for measuring 
hydrogen embrittlement that avoids cer- 
tain errors complicating previously used 
methods. 

2. To explore in a preliminary way some 
of the fundamental factors controlling 
embrittlement. 

3. To apply the measurements specifi- 
cally to stainless grades of steel, whose 
sensitivity or insensitivity to hydrogen 
embrittlement has never been clearly 


defined. 


SELECTING A TEST METHOD 


Hydrogen embrittlement is a condition 
of low ductility resulting from excessive 
absorption of hydrogen by the steel at some 
period in its history, and may be revealed 
by almost any test involving cold deforma- 
tion. Tensile tests, impact tests, and bend 
tests are commonly used for detecting 
hydrogen embrittlement; although numer- 
ous other tests, such as cold-upsetting or 
extrusion, could be used. The simplicity 
of using a wire specimen for cathodic and 
acid pickling tests, and the especial 
adaptability of the bend test to wire 
specimens, led to selection of the bend 
test for the present research: 

Bend tests usually have been of three 
general types: (1) fatigue, (2) reversed 
bend, and (3) single bend. The first two 
types, though widely used, are inaccurate 
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because their measurements are counter- 
acted by an aging effect; and the third 
type has not been developed to its fullest 
utility. 

The effect of cold-working in removing 
hydrogen is well known. During a bend 
test hydrogen can be observed escaping 
from the convex side simply by coating 
the specimen with oil; and any technique 
employing flexing or reverse bending may 
therefore have its measurements masked 
because the mechanical action reduces 
the embrittlement during the test. This 
factor is so important that even elastic 
flexing of a hydrogen-charged wire speci- 
men should be avoided before testing 
if accurate measurements are desired. 


DEVELOPING A MACHINE FOR MEASURING 
HYDROGEN EMBRITTLEMENT 


As for the single-bend test, its theory 
is good, and recovery caused by mechanical 
work is kept to a minimum. With a given 
degree of hydrogen embrittlement, a 
specimen will break at a given angle if the 
bending is applied unidirectionally and 
uniformly. The radius of the bend must 
be kept constant; and the rate of bending 
should be a constant, slow enough to 
allow reading of the breaking angle, and 
yet rapid enough to prevent significant 
recovery from the escape of hydrogen 
during bending. 

Asimple apparatus (Fig. 1) was construct- 
ed using a type H Foxboro drive unit A, 
which is a synchronous motor with a gear- 
reduction ratio of 600 to 1. A cord, fixed 
at one end to a wooden pulley B on the 
drive shaft of the motor, follows the pe- 
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riphery of the horizontal semicircular base 
C upon which angular markings from 0° 
to 180° are indicated. A hook is attached 
to the other end of this cord, which 





Fic. 1.—APPARATUS FOR MEASURING HYDRO- 
GEN EMBRITTLEMENT IN WIRE BY MEANS OF A 
STEADILY APPLIED SINGLE BEND. 


catches a traveling arm D in the o° position. 
This traveling arm is drilled longitudinally 
to receive one end of the wire specimen, 
the hole being drilled tangent to the axial 
pin E, which has a radius of 1¥¢ in. Thus, 
the wire is bent around the axis of the 
bending arm. A fixed arm F backs up 
the wire and stabilizes the specimen 
without allowing tensile or torsion stresses 
to develop, since the wire simply lies 
alongside the outside of this arm. The 
wooden pulley B is 3 in. in diameter, 
allowing arm D to traverse the 180° in 
40 sec., a rate of 4.5° per second. 

Exactly 30 sec. after the specimen is 
removed from the test it is placed in this 
machine. As will be shown, no measurable 
recovery occurs in such a short period of 
time at ordinary temperatures. The tem- 
perature of the bend test also is kept 
fairly constant by washing the specimen 
in cold tap water previous to testing. 
The motor is then started with the travel- 
ing arm in the o° position; when the speci- 
men breaks, its breaking angle is read 
through the slot in that arm. 


PRELIMINARY EXPERIMENTS WITH 
STAINLESS GRADES OF STEEL 


Nonhardenable Grades 


First, a preliminary survey was made 
of some hardenable and some nonharden- 
able steels to get a rough indication of the 
sensitivity of the various grades to hydro- 
gen embrittlement. Table 1 lists the results 


TABLE 1.—Bend Tests with Austenitic 
Stainless Grades 

















Angle of bend (average of three tests), = 180° 
Diam- | Temperature Ichare- 
Type | eter of | ing 
No. Wire, | Time, Remarks 
In. Deg. C.) Deg. é Hr. 
| 
302 | 0.065 50 122 4 Annealed 
303 | 0.064 50 122 | 4 | Annealed 
302 0.065 oO 
302 | 0.065 50 122 I yee 
302 | 0.065 80 176 3 ante = 
302 0.065 23 73 4)| 
303 0.064 o )| 2 
303 | 0.064 23 73 4 || eae 
303 0.064 50 122 4 0.0795inch 
303 | 0.064 80 176 4 wih 
| 

















Electrolyte, 10 per cent NaOH; current density, 1.0 
amrp. per sq. inch. 


obtained with two austenitic grades in the 
annealed and in the cold-drawn conditions. 
The specimens were charged cathodically 
in a 1o per cent NaOH electrolyte at a 
current density of 1.0 amp. per sq. in. 
for periods from 1 to 4 hr. and at tem- 
peratures from 23° to 80°C. (73° to 176°F.). 
There was no indication of embrittlement. 

These results do not mean that the 
ductility of types 302 and 303 steels cannot 
be lowered by hydrogen absorption. They 
do mean, however, that these grades are 
exceedingly resistant to hydrogen embrit- 
tlement, as shown by comparison with 
subsequent tests; and they show that 
after this relatively severe treatment the 
wire can still be bent 180° around a }¥¢-in. 
radius without breaking. 


Hardenable Grades 


Since carbon is a principal factor in 
determining the sensitivity of unalloyed 
steels to hydrogen, the straight-chromium 
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stainless steels with high carbon contents 
naturally become of particular interest. 
Table 2 lists the results of bend tests using 
three of these grades in the annealed 


TABLE 2.—Bend Tests with Hardenable 











Stainless Grades 
Type Diameter Angle of ate 
No. of Wire, In. | Bend, Deg. | Remarks 
420 0.0554 | 180 Annealed 
180 
180 
440-A 0.038 180 Annealed 
| 180 
| 180 
440-C 0.062 50 | Annealed 
| 50 j 
| | 
431 0.072 180 | Cold-drawn 
110 
90 





Electrolyte, 10 per cent NaOH; current density, 
1.0 amp. per sq. in.; temperature, 50°C. (122°F.); 
charging period, 2 hours. 
condition. Neither type 420 nor type 
440-A, the latter containing 0.64 per cent 
carbon, showed embrittlement. Type 440-C, 
however, became badly embrittled. Cold- 
drawn 16 Cr, 2 Ni wire, also tested, showed 
embrittlement, though to a lesser degree 
than the type 440-C material. 

One further preliminary test might be 


TABLE 3.—Impact Tests with Type 403 
Steel* 





| Time Elapsed 
Charging Period, | 





between Izod Impact 
Min. Charging and Value, Ft-lb. 
| Testing, Min. 
Oo | 100 
100 
I 4 94.5 
7 100 
2 3 100 
7 100 
4 2 98 
$ IOI 
8 2 99 
6 104 
16 2 100 
| 5 99 
32 3 94 
| 7 102 
64 4 99.5 
7 98 
128 5 7 
7 100.5 
256 3 103.5 
4 103.5 





* Tempered and stress-relieved; Brinell hardness, 
223-241. 


reported in which turbine quality 12 per 
cent Cr steel was examined for hydrogen 
embrittlement by the Izod impact test 
(Table 3). Cathodic charging up to 4 hr. 
caused no change in impact values, which 
are good criteria of embrittlement.* 

From the results of these preliminary 
tests, and particularly because type 440-C 
steel was already known to show sensi- 
tivity to hydrogen during processing, the 
17 Cr, 1.00 C grade was selected as the 
test material. A 50-yd. coil of annealed 
0.062-in. wire was obtained. The analysis 
of this steel is listed in Table 4, along with 


TABLE 4.—Analysis of Specimens 

















PER CENT 

va Cr Ni | Cc Mn Si P Ss 

302 118.26) 9.11 0.056) 0.62) 0.41'0.023'0.016 
303 18.30) 9.13 0.062; 0.72) 0.33 0.035 0.266 
403 I1.85| 0.400.090) 0.43) 0.33 0.015 0.026 
420 13.18) 0.320.36 | 0.41) 0.400.0200.022 
440-A |17.60) 0.19 0.636) 0.39 0.500.016 0.029 
440-C 17.46) 0.50 1.01 | 0.34 0.480.021 0.024 
431 16.37) 1.670.158] 0.56 0.500.020 0.033 


| | | i 





the analyses of the other specimens just 
discussed. Its hardness was Rockwell F 
112/113, and its ultimate tensile strength 
was 115,000 lb. per sq. inch. 


EXPERIMENTAL APPROACH USING TYPE 
440-C STEEL 


One of the principal difficulties in inves- 
tigations of hydrogen embrittlement is the 
great number of variables influencing the 
system. A _ scientific approach requires 
the keeping of all factors constant except the 
one under observation, which is particu- 
larly difficult to do in this work. Conse- 
quently, inaccuracies in the measurements 
must be expected. 

In the present study, 15 principal varia- 
bles are recognized. They are listed in 
Table 5 in a self-explanatory manner. The 
first seven concern the steel and were kept 
 * A seemingly consistent increase in Izod 
values with increasing lapses of time between 
charging and testing may be noted, but experi- 


mental inaccuracies probably do not allow 
making a point of it. 
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constant as indicated. Consequently, the 
present study throws no light on the effects 
of cold-working, heat-treatment, or size 
and shape of the specimen; nor does it 
allow comparison of grades of steel, either 
alloyed or unalloyed, except for the few 
incomplete tests that introduced the re- 
search. These factors remain for later 
exploration. 


polished longitudinally with 120-grit emery 
paper and immersed 2 in. in the electrolyte. 
When several readings were desirable, two 
cells were run in series. Current was sup- 
plied by a 6-volt storage battery, and the 
amperage was controlled by a 9-ohm slide- 
wire resistance. Bath temperatures, which 
were controlled by immersion in a water 
bath at 18°C. and by carefully insulated 


TABLE 5.—Factors Influencing Hydrogen Embritilement 











Variable Control Designation 
Steel: | 
1. Composition (definitive analysis) Constant as possible by using | Type 440-C 
2. Inherent hydrogen content } one roll of selected wire for | 
3. Grain characteristics all experiments 
4. Degree of cold-working Constant | None (annealed) 
5. Heat-treatment Constant | Annealed 
6. Size and shape Constant | 0.062-in. wire 
7. Surface Constant Hand-polished longitudinally 





Pickling bath: 
8. Composition (solution type) 
9. Presence of certain impurities 
10. Temperature 
11. Current density 
12. Added reagents 
Aging: 
13. Temperature 
14. Chemical environment (such as oil, water, 
HNOs, etc.) 
15. Mechanical factors (such as flexing) 


with 120-grit emery 





Each of these controllable within experimental error, 


permitting one factor to be studied at a time 





Instead, the present study concerns only 
the last eight factors listed, which are the 
factors controlling the absorption of hydro- 
gen during cathodic and acid pickling and 
the desorption of that gas during subse- 
quent treatment; and it concerns only 
type 440-C wire. 


MEASUREMENT OF HYDROGEN 
EMBRITTLEMENT RESULTING FROM 
CATHODIC CHARGING 


Electrolyte: 10 Per Cent NaOH 


Effect of Charging Time.—For these first 
controlled experiments, all factors except 
charging time were fixed in order to find 
the general course of embrittlement. Three 
series of tests were run, each at a different 
temperature. The wire specimens, which 
were cut approximately 4 in. long, were 
uniformly cleaned with ether, hand- 


heating on a hot plate for higher tempera- 
tures, are believed to have an accuracy of 
+1°C. for 18°C. and +2°C. at the higher 
temperatures. The specimens were bent 
approximately one inch from the end after 
rinsing for 30 sec. in cold tap water. 

The curves in Fig. 2 and the values in 
Table 6 give an idea of the general accuracy 
of the tests and the manner used in handling 
the data. Subsequent tests will be de- 
scribed in graph form only, without 
additional tabulation of the data. 

Fig. 2 shows that for a certain initial 
period of charging no effect on the ductility 
is reflected in the bend values. Of course, 
it must be borne in mind that a 180° 
bend on this particular radius does not 
necessarily represent wholly unimpaired 
ductility. 

After this initial period, a sudden im- 
pairment shows itself. On the steep portion 
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of the curve the values for several speci- 
mens may vary from 180° down to low 
angles of bend, and for that reason the 
individual values are usually represented. 


> 
+ 


geneous phenomenon involving compound 
formation or lattice distortion, the loss 
in ductility should correlate directly with 
the diffusion law and plot as a straight 
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Fic. 2.—EMBRITTLEMENT AS A FUNCTION OF CHARGING TIME. 
Electrolyte, ro per cent NaOH. 
Current density, 1.0 amp. per sq. inch. 
xX, T = 18°C. (64°F.). 
o, T = 50°C. (122°F.). 
+, T = 80°C. (176°F.). 


Where the curve loses this steepness, 
each plotted point represents an average 
of three readings. The values in Table 6 
may be taken to indicate an experimental 
error probably lying within +5° of bend 
when all factors are carefully controlled 
and when the change in angle of bend with 
charging time is not too rapid. 

There are two obvious features on each 
of these curves in Fig. 2 that warrant 
passing mention: (A) the “incubation 
period” required before embrittlement 
shows itself, and (B) the sharp drop in 
bend value once embrittlement begins. 
According to a widely accepted (but in 
the authors’ opinion incorrect) concept 
of hydrogen embrittlement as a homo- 


line on a logarithmic scale. On such a scale, 
however, the points still lie on a curve of 
the same general shape as those in the 
linear plot of Fig. 2, the deviation from a 
straight line indicating a retarded initia- 
tion of embrittlement followed by an 
excessively rapid deterioration. 

Effect of Temperature-——From the rela- 
tive positions of the three curves in Fig. 2, 
it is easy to recognize the anticipated 
effect of temperature. That is, with in- 
creasing temperature, cathodic charging 
becomes increasingly effective in causing 
embrittlement. In Fig. 3, the data from 
Fig. 2 are replotted to show specifically 
the effect of temperature when all other 
factors are constant. Over longer charging 
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periods, the distinction between high- 
temperature and low-temperature charging 
becomes less and less; but with decreasing 
periods a point is finally reached where 


controlling the many factors active in 
these tests. Fortunately, it was found that 
this change in bend value constituted 
a slow drift from one end of the coil to the 


TABLE 6.—Bend Values for Figure 2 












































: Angle of Bend, Deg. 
Cheraiog: Time, 18°C. (64°F.) 50°C. (122°P.) 80°C. (176°F.) 
Reading Average Reading | Average Reading | Average 
180 
4g 180 
130 
180 | 137 
I 180 IIo 114 
180 | 95 
180 180 85 
2 180 180 82 83 
180 105 82 
- % 
180 100 77 
4 180 97 97 77 76 
150 95 75 
150 95 | 65 
8 120 | 123 92 | 9I 45 63 
IIs 87 | 60 
55 
95 77 | 55 55 
16 92 91 7 69 | 55 | 
87 65 55 
52 53 
| 52 
62 | 50 
85 60 59 47 47 
32 82 82 55 | 45 
80 60 | 50 
60 59 | 47 47 
$7 45 
67 } 
64 65 52 53 47 46 
70 52 | | 45 
67 67 
65 
| | 














Electrolyte, 10 per cent NaOH; current density, 1.0 amp. per sq. inch. 


charging at a lower temperature will not 
exceed the “incubation period,” whereas 
the same test at a higher temperature 
produces embrittlement. 

Effect of an Unknown Variable in the 
Steel—Because wire is known to inherit 
some inhomogeneities from the original 
ingot, clippings from the two ends of the 
50-yd. coil were tested with all factors con- 
stant except charging time. The results, 
shown in Fig. 4, make a good representa- 
tion of the care that must be taken in 


other and did not appreciably affect any 
set or several consecutive sets of tests. 
Neither chemical nor microscopic analy- 
sis revealed any reason for this difference; 
but three specimens taken from each end 
of the coil and attached galvanically in all 
combinations in a 6 per cent NaC] electro- 
lyte at room temperature showed the 
specimens of curve II uniformly anodic 
to the specimens of curve I, though the 
difference was slight. Only qualitative 
measurements were taken, using a high- 
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Fic. 3.—EMBRITTLEMENT AS A FUNCTION OF TEMPERATURE, FOR VARIOUS CHARGING PERIODS. 
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Fic. 4.—EMBRITTLEMENT AS A FUNCTION OF AN UNKNOWN VARIABLE IN THE STEEL. 


Electrolyte, 10 per cent NaOH. 

Current density, o.2 amp. per sq. inch. 
Temperature, 18°C. (64°F.). 

Curve I, Specimens from beginning of coil. 
Curve II, Specimens from end of coil. 
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resistance galvanometer with an Ayrton 
shunt. 

Effect of Current Density—Since em- 
brittlement would be expected to vary 


Fig. 2, but using 10 pér cent H.SO, as 
the electrolyte. The results are compared in 
Fig. 6 with the results for the caustic elec- 
trolyte. The curves are identical. At higher 
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Fic. 5.—EMBRITTLEMENT AS A FUNCTION OF CURRENT DENSITY. 
Electrolyte, 10 per cent NaOH. 
Temperature, 18°C. (64°F.). 


with current density, three series of tests 
were run using three current densities. 
The results, plotted in Fig. 5, show an 
interesting minimum at or near I.o amp. 
per sq. in. Note the consistency of the 
points, an unusually low experimental 
error being suggested. As with temper- 
ature, the distinction becomes less with 
increasing charging time. 

This type of curve is inconsistent with 
the general concept of [H] varying directly 
and linearly with current density, and 
therefore points to some new factor opera- 
tive in infusion. 


Electrolyte: 10 Per Cent H2SO, 


Comparison with Caustic Electrolyte—To 
find whether the efficiency of cathodic 
charging is different for different electro- 
lytes, a series of specimens was tested 
under the conditions of the 50° curve in 


temperatures, however, chemical attack by 
the acid finally obscures this comparison. 

Chemically pure reagents were used in all 
tests reported so far. 

Effect of Inhibitors and Other Reagents 
Added to the Electrolyte——Since inhibitors 
and various reagents are frequently added 
to acid baths both in cathodic and in 
straight pickling ‘of plain-carbon and low- 
alloy steels, the effects of some of them on 
embrittlement warrant attention, espe- 
cially because they are often added with the 
understanding that they decrease or elimi- 
nate hydrogen absorption. While a study of 
plain steels lies outside the scope of the 
present study, it would be interesting to 
compare the efficiency of various inhibitors 
in respect to hydrogen embrittlement dur- 
ing cathodic pickling of 17 per cent chro- 
mium stainless steel. 

For these tests, commercial carboy 
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H.2SO, was used. A standard charging time 
of 15 min. was selected, and all factors 
except the bath addition were kept con- 
stant. The results for additions of a 
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proprietary, or recommended, addition is 
indicated on the curve. 

Another commercially advertised ‘‘in- 
hibiter,” reagent II, was tried with results 
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Fic. 6.—COMPARISON OF EMBRITTLEMENT FROM CATHODIC CHARGING IN ALKALINE AND IN ACID 
ELECTROLYTES. 
Temperature, 50°C. (122°F.). 
©, 10 per cent H,SO,. 
X, 10 per cent NaOH. 


commercial “inhibitor,” 


7), are shown in Fig. 7. 

These are surprising data, for the 
addition of this inhibitor increases em- 
britilement over that of the raw acid from 
the first addition up to saturation. The 


reagent I (Table 


TABLE 7.—Reagent Designations 





Reagent 


No. Manufacturer 


Trade Name 





I Rodine 
II Acitrol Liquid 
III Nep No. 22 
IV Acid Addition 
Agent 
Vv Inhibitor #3-A 
VI Surfax T. R. 


American Chemical 
Paint Co. 

E. F. Houghton & Co. 

William M. Parkin Co. 

The Enthone Co. 


E. I. du Pont de Ne- 
mours Co. 
E. F. Houghton & Co. 











shown in Fig. 8. This time the reagent 
neither inhibited nor promoted hydrogen 
embrittlement beyond the action in raw 
acid. Because the blank in this series was 
lower than in the previous one, it might 
possibly be argued that reagent II has a 
slightly deleterious effect, though the lay 
of the other points disputes that conclusion. 

As for the peculiar action of reagent I, 
the possible presence of a “promoter” 
element suggests itself,! since this inhibitor 
is a chemically inhomogeneous powder. 
Arsenic is one of the most powerful in that 
series of promoters comprising groups V 
and VI of the elements in the Periodic 


1 References are at the end of the paper. 
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Fic. 7.—EFFECT OF COMMERCIAL INHIBITOR, REAGENT I, ON EMBRITTLEMENT DURING CATHODIC 
PICKLING. 
Electrolyte, 10 per cent H:SO,. 
Current density, 1.0 amp. per sq. inch. 
Temperature, 77°C. (170°F.). 
Charging period, 15 minutes. 
./, proprietary addition. 
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Fic. 8.—EFFECT OF COMMERCIAL INHIBITOR, REAGENT II, ON EMBRITTLEMENT DURING CATHODIC 


PICKLING. 
Conditions of Fig. 7. 
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Table. Consequently, the effect of arsenic first they promote and then inhibit 
added as As,O;* was studied, with the hydrogen absorption. Thus, we find a sharp 
results shown in Fig. 9. minimum in the curve when all factors are 
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Fic. 9.—EFFECT OF ARSENIC ON EMBRITTLEMENT DURING CATHODIC PICKLING. 
Conditions of Fig. 7. 
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F1G. 10.—DETAIL OF EARLY PORTION OF ARSENIC CURVE. 
Conditions of Fig. 7. 


It is a peculiarity already known for held constant except arsenic content. On 
many of these promoter elements that at the other hand, the curve in Fig. 9 shows 


‘* Since As2Os does not dissolve readily in an that arsenic never did act as an inhibitor 


Se ae oe oe in these tests, but simply became a weaker 


solved in it, and the solution was then cooled, promoter as its content increased beyond a 
neutralized, and acidified to the desired pe 
concentration. critical value. 
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Two factors deserve attention in Fig. 9. 
First, the bend value of 15° effected by the 
critical arsenic content is an exceedingly 
low value. For these already low angles of 


in the figure. The upper curve represents 
duplicate tests performed in the absence of 
H.S. The upbending of the sulphide curve 
at higher temperatures is undoubtedly the 
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Fic. 11.—EFFECT OF SULPHIDE ION ON EMBRITTLEMENT DURING CATHODIC PICKLING. 
Conditions of Fig. 7. 
o, untreated electrolyte. 
X, electrolyte saturated with H,S. 


bend, further reduction in the value 
becomes increasingly significant, since a o° 
fracture is obviously an _ unattainable 
asymptote. 

Secondly, the critical arsenic content is 
an extremely small value. Whereas Fig. 9 
expresses the arsenic content in grams per 
liter, Fig. 10 magnifies the steep portion 


of that curve using further tests with Jess. 


than one milligram of arsenic per liter. 
With only o.1 mg., the bend value has 
dropped plainly beyond the experimental 
error of the tests; and 1.0 mg. has lowered 
the bend value from 40° to only 20°. 
Chemical analysis of reagent I revealed 
no arsenic; but there are other elements 
having a similar effect. In Fig. 11, for 
example, the effect of sulphur is shown. 
At three bath temperatures, H.S was 
bubbled through the solution, presumably 
saturating it; and specimens tested under 
these conditions provided the low curve 


result of the reduced solubility of H.S 
occurring with increasing temperature. 

Because sulphur is a common constituent 
in all steels and may therefore easily be 
picked up by a pickling solution, these 
results are especially significant. In many 
cases, various hydrogen-caused defects 
from pickling have been traced to old acid; 
and these special contaminations may con- 
tain the answer. 


MEASUREMENT OF HYDROGEN 
EMBRITTLEMENT RESULTING 
FROM AcID PICKLING 


Effect of Reagent I 


Batch I—Polished versus Unpolished Sur- 
faces.—As for straight acid pickling, similar 
strong effects of bath reagents appear, and 
often to an even greater degree. This is 
especially surprising, since many of the 
reagents are advertised to inhibit or 
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prevent hydrogen embrittlement. In their 
favor, however, it might be pointed out 
that most of these inhibitors were devel- 
oped for plain or low-alloy steels, and for 
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I was added to 10 per cent H2SO,. Whereas 
in cathodic pickling the bend value was 
reduced about 10° below the blank, here 
it is reduced nearly 50° by addition of this 
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Fic. 12.—EFFECT 


OF COMMERCIAL INHIBITOR, REAGENT Te ON EMBRITTLEMENT DURING ACID 


PICKLING, BATCH I. 
Pickling bath, to per cent H2SO,. 
Pickling period, 15 minutes. 
Temperature, 77°C. (170°F.). 

X, polished specimens. 
o, unpolished specimens. 
\/, proprietary addition. 


purposes generally transcending the pre- 
vention of hydrogen embrittlement; and 
that the present results may apply only 
to the one high-alloy steel investigated. 
The authors also wish to make clear at 
this point that the “proprietary addition”’ 
noted at various places throughout the 
work is simply a value lying within the 
generally recommended range, and may 
not be the specific addition that would 
have been recommended for these par- 
ticular conditions if special advice had been 
sought in each case. 

In the tests to be described, commercial 
carboy acid was used. In Fig. 12, two 
series of tests are depicted in which reagent 


reagent. However, the blank for straight 
pickling is considerably higher than that 
for cathodic pickling under the conditions 
of these tests, the final values still lying 
above the final values for cathodic pickling. 

A duplicate series of tests was run, 
except that the wire was used with its 
as-annealed surface. The upper curve in 
Fig. 12 shows, as was expected, that the 
principal action of the oxide layer here is 
simply to hinder the acid-metal contact, 
which probably is essential for hydrogen 
absorption. 

Batch II—The “Well” Effect—In both 
the foregoing runs, additions of this in- 
hibitor up to 2 oz. per gal. showed what 
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appeared at first to be erratic results. The data, shown in Fig. 13, establish 
However, the variation exceeded the ex- beyond reasonable doubt a curve having 
perimental error granted these tests by so a double reversion. Early additions bring 
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FIG. 13.—TESTS OF FIG. 12 REPEATED, USING BATCH II OF COMMERCIAL INHIBITOR, REAGENT I. 
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H Fic. 14.—TESTsS OF FIG. 12 REPEATED, USING I:I HYDROCHLORIC ACID. 


i much that the tests were repeated using a the bend value to a minimum, further 
new batch of reagent I, with additional additions lose this effect until a maximum 
tests run in that uncertain region. bend value is reached, and still further 
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additions once more cause a progressive 
lowering of the ductility. No explanation is 
proposed for this action. 

One might also note that the 1.0-oz. 
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Effect of Reagent II 


Another unusual behavior was found 
for the inhibitor, reagent II. Neither small 
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FIG. 15.—EFFECT OF COMMERCIAL INHIBITOR, REAGENT II, ON EMBRITTLEMENT DURING ACID 
PICKLING. 
Conditions of Fig. 12. 


o, run I. 
X, run IT. 


\/, proprietary addition. 


addition of batch II lies on a markedly 
different part of the curve from the same 
addition of batch I (polished). This can be 
attributed to the chemical inhomogeneity 
of this inhibitor, making it differ from batch 
to batch; and to the fact that batch II was 
purchased for the experiment and batch I 
was taken from a s5-yr. old laboratory 
stock. 

Hydrochloric Acid Pickling —The same 
tests run in 1:1 HCl show a perfectly 
uniform curve with no indication of a 
reversion (Fig. 14). Here reagent I caused 
a drop of nearly 60° in the angle of bend, 
though the blank was even higher than 
with sulphuric acid pickling. In all these 
types of pickling this inhibitor brings the 
angle down to the same general value 
around 40° regardless of the blank. Why 
these two acids have different types of 
curves with reagent I is not clear. 


additions nor large additions showed any 
effect on the bend values; but intermediate 
additions, including the proprietary, ef- 
fected a noticeable decrease in ductility 
(Fig. 15). These data were more or less 
erratic at all additions, making it difficult 
to ascertain the real shape of the curve. A 
second series of tests was conducted, 
indicated in the figure as run II, which also 
indicated the presence of the same peculiar 
type of minimum, making its existence 
fairly certain. One will recall that this 
inhibitor caused no changes during cathodic 
pickling. 


Effect of Reagent III 


Once again, an interesting curve occurs 
containing a plainly marked double rever- 
sion (Fig. 16). Tests were run in both 
sulphuric and hydrochloric acid baths 
with this third commercial inhibitor; and 
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this time, in contrast to the action with 
reagent I, both acids display the double 
reversion, although the minima and maxima 
are at different concentrations. 


second reversion, if it exists, lies within the 
experimental error. Also, the minimum 
occurs at a different bend angle and a 
different concentration in the two tests. 
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Fic. 16.—EFFECT OF COMMERCIAL INHIBITOR, REAGENT III, ON EMBRITTLEMENT DURING ACID 
PICKLING, BATCH I. 
Conditions of Fig. 12. 
0, 10 per cent H3SO,. 


X, 1:1 HCl. 


J/; proprietary addition. 
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Fic. 17.—TEsTsS OF FIG. 16 REPEATED, USING BATCH II OF COMMERCIAL INHIBITOR, REAGENT III, 
AND SULPHURIC ACID. 


Because this inhibitor was also from an 
old laboratory supply, a new batch was 
purchased, and the tests withsulphuric acid 
were repeated (Fig. 17). This time the 


Since reagent III is a chemically impure 
liquid, these differences can be accounted 
for by an original difference in composition, 
or by some aging action, such as the 
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evaporation of an active ingredient from 
the older solution. The curve for reagent III 
in both cases shows a late upswing with 
increasing concentration in sulphuric acid, 


evolution 50 per cent. No special claims 
are known to be made regarding hydrogen 
embrittlement; but it can be concluded 
from these tests that this reagent, while 
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Fic. 18.—EFFECT OF COMMERCIAL ACID ADDITION AGENT, REAGENT IV, ON EMBRITTLEMENT 
DURING ACID PICKLING. 
Conditions of Fig. 12. 
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FIG. 19.—EFFECT OF COMMERCIAL WETTING AGENT, REAGENT VI, ON EMBRITTLEMENT DURING ACID 
PICKLING. 
Conditions of Fig. 12. 


but the net effect at all concentrations is 
still a severe decrease in ductility. 


Effect of Reagent IV 


Although some small decrease in ductil- 
ity may have occurred, Fig. 18 shows no 
appreciable effect of reagent IV, which is a 
commercial acid addition agent advertised, 
among other things, to decrease hydrogen 


probably it does not augment embrittle- . 
ment, certainly does not diminish it. 


Effect of Reagent V 


Another commercial inhibitor, reagent V, 
showed results that were similar and 
therefore were not plotted. An effervescent 
powder containing some other chemical, 
this reagent caused neither an increase nor 
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a decrease in embrittlement in concentra- 
tions up to saturation. 


Effect of Reagent VI 


A commercial wetting agent, though 
usually used in combination with the 
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by this test, seems entirely prohibited. It 
is interesting to note that Uhlig and 
Wallace report certain experiments using 
this inhibitor in that  concentration.? 
Unfortunately, quinoline ethiodide, which 
is one of the only two true inhibitors 
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Fic. 20.—EFFECT OF CHEMICALLY PURE INHIBITOR, QUINOLINE ETHIODIDE, ON EMBRITTLEMENT 
DURING ACID PICKLING. 
Conditions of Fig. 12. 


inhibitor, reagent II, was investigated as a 
reagent in itself. No detectable change was 
found in bend value with additions 
throughout its proprietary range of 1 to 
5 per cent (Fig. 19). 


Effect of Quinoline Ethiodide 


Because most of these extraordinary 
behaviorisms have been associated with 
chemically impure or complex reagents, 
considerable interest attaches to the 
behavior of a chemically pure inhibitor, 
such as quinoline ethiodide. The curve in 
Fig. 20 shows the customary “well,” but 
there is no second reversion; and, more 
importantly, this inhibitor actually be- 
comes an inhibitor of hydrogen embrittle- 
ment. Quantities greater than 0.2 gram per 
liter show improvement in the bend value 
over the blank; and, at about 5.4 grams, 
hydrogen embrittlement, as determined 


discovered in this research as far as 
hydrogen embrittlement is concerned, is 
too expensive to warrant wide use. 


Effect of Arsenic 


Tests showed the customary early drop 
in bend value (Fig. 21) comparable to that 
in Figs. 9 and 10; but the curve from 
then on differed so greatly that with only 
0.2 gram of arsenic the blank bend value 
was regained; and with o.5 and more 
grams a complete return to a 180° bend 
was effected. Thus, as with the quinoline 
ethiodide, arsenic shows a preliminary 
embrittling, or “promoter,” action followed 
swiftly by a protective, or inhibiting, 
action, until it becomes a true inhibitor in - 
a class with quinoline ethiodide. In fact, by 
weight, arsenic is 10 times more effective 
than quinoline ethiodide. The difference 
between the effects of arsenic in cathodic 
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and in straight acid pickling is certainly 
striking (compare Figs. 9 and 21). 


Effect of Sulphur 


The test of Fig. 11 was repeated with 
the very similar results shown in Fig. 22. 
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Factors AFFECTING RECOVERY 
FROM EMBRITTLEMENT 
Temperature 


Presence of an Aging Minimum.—While 
the foregoing experiments demonstrate the 
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Fic. 21.—EFFECT OF ARSENIC ON EMBRITTLEMENT DURING ACID PICKLING. 


Conditions of Fig. 12. 


Consequently, the warning expressed in 
the discussion of cathodic pickling re- 
garding sulphur pickup by the pickling 
solution is likewise applicable to straight 
pickling. Old pickling liquors should be 
watched with suspicion, particularly after 
handling sulphurous free-machining grades. 
Also, selenium-containing grades come 
in this category, for selenium is an avid 
“promoter.” 


Effect of Ferrous Ion 


It is occasionally suggested that the 
concentration of Fe** ion is involved in 
pickling brittleness. Duplicate tests using 
ro per cent H»SO, were run with 5 grams 
of ferrous sulphate added to the }4-liter 
solution in one of the tests. No effect on 
the bend value was noted (see Table 8). 


factors that control the absorption of hydro- 
gen during aqueous pickling; it is obviously 


TABLE 8.—Effect of Ferrous Sulphate 





Angle of Bend, Deg. 





FeSO. Content 


Reading Average 





POS sng bedlad abe ae ees 72 
70 
70 69 
65 
5 grams per 500 c.c....| 70 
70 
70 69 

65 | 











10 per cent H:SO.. 

Pickling period = 30 minutes. 

T, 298°C. (72°F.). 
as important to understand the factors 
regulating removal of the gas once it is 
absorbed. 
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Of these factors, temperature is fairly 
well understood, it being common knowl- 
edge that mild heating favors rapid removal 
of the gas. To demonstrate the role of 


time, of course, is represented by the lower 
curve in each case. 

At least two features warrant special 
mention in regard to these curves: (1) that 
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Fic. 22.—EFFECT OF SULPHIDE ION ON EMBRITTLEMENT DURING ACID PICKLING. 
Conditions of Fig. 12. 
o, untreated acid. 
X, acid saturated with H,S. 


temperature and to obtain quantitative 
values for its effect, further tests were run 
using the following constant conditions for 
charging: 


Electrolyte............. 10 per cent NaOH 


Current density......... 1.0 amp. Few sq. in. 
Charging temperature... 18°C. (64°F.) 
Charging period........ 16 or 32 min., as indicated 


The specimens were charged, rinsed and 
dried immediately, and immersed in oil 
held at the desired temperature. 

The results of runs at three temperatures 
are shown in Figs. 23, 24, and 25. All 
factors were kept constant in each series of 
tests except the aging temperature; and 
at each temperature two curves were 
obtained, one for a 16-min. and one for a 
32-min. charging period. Each point repre- 
sents an average of three runs, except on 
the 16-min. curve in Fig. 23 and on the 
32-min. curve in Fig. 24, where they 
represent single tests. The longer charging 


the curves for 30°C. are expressed in 
hours, the curves for 100°C. in minutes, and 
the curves for 180°C. in seconds; (2) that 
in every case there is a marked decrease in 
ductility during the early aging period. 

This aging minimum is a phenomenon 
of great significance in revealing the con- 
dition of hydrogen dissolved in iron and 
will be discussed more fully later. If hydro- 
gen embrittlement is a matter of compound 
formation or lattice distortion, one must 
conclude that the minimum ductility 
would conform with the maximum hydro- 
gen content, which can occur only immedi- 
ately at the conclusion of charging, 
and must thereafter become progres- 
sively less. This classical concept of 
lattice distortion and compound formation 
therefore fails completely to explain the 
“aging minimum.” 

To investigate this phenomenon further, 
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a series of specimens was aged in oil at “range A” discussed earlier in the paper. 
100°C. (212°F.) after charging for only That is, the pickling treatment itself 
4 min. at 28°C. (82°F.) and a current appeared to cause no measurable embrittle- 
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Fic. 23.—RECOVERY CURVES FOR AGING aT 30°C. (86°F.). 
"o, charged 16 minutes. 
X, charged 32 minutes. 
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Fic. 24.—RECOVERY CURVES FOR AGING AT 100°C. (212°F.). 
o, charged 16 minutes. 
X, charged 32 minutes. 


density of 1.0 amp. persq.in. Immediately ment whatsoever. After aging for 30 sec. 
after this treatment, the specimens bent at 100°C., however, the specimens broke 
180° without breaking, in conformity with at an angle of 135°; and in 1 min. the angle 
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of bend had dropped to 95°. Then, after foregoing curves for 32-min. charging and 
2 min. at 100°C., all specimens showed plotted as temperature versus time for 
complete recovery. The data are plotted in complete recovery. The result is a straight 
Fig. 26. line on a logarithmic plot having the 
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Fic. 25.— RECOVERY CURVES FOR AGING AT 180°C. (350°F.). 
o, charged 16 minutes. 
X, charged 32 minutes. 
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FiG. 26.— BEHAVIOR DURING AGING AT 100°C, (212°F.) OF A SPECIMEN CHARGED ONLY 4 MINUTES. 


Calculating Recovery Period.—Especially equation: 
interesting is the information in Fig. 27. 
For that plot the tangency points for the 
return to a 180° bend were taken from the where H is the aging time in hours. 


Tic.) = —47 log H + 87 
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Since a practical aspect concerns the . mixture in a thermos bottle for various 
recovery of commercial wire during ex- periods of time, with the results shown in 
posure to the weather, the period required Fig. 28. As closely as can be determined, 
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F1G. 27.—PLOT SHOWING AGING PERIOD REQUIRED FOR RECOVERY OF A 180° BEND AS A FUNCTION OF 
TEMPERATURE. 

Electrolyte, 10 per cent NaOH. 

Current density, 1.0 amp. per sq. inch. 

Charging temp., 18°C. (64°F.). 

Charging period, 32 minutes. 
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Fic. 28.—RECOVERY CURVE FOR AGING AT 0°C. (32°F.). 
Conditions of Fig. 27. 


for complete recovery at o°C. was calcu- complete recovery of a 180° bend was 
lated by using the equation just listed. The accomplished in the calculated period of 
answer is 71 hr. Tests were then run in _ time. 

which the wires were aged in an ice-water Consequently, with sufficient control ‘of 
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the factors operative in hydrogen embrittle- 
ment, a valid equation can be obtained 
that expresses the time required for the 
complete recovery of bend value, which 
is highly accurate between 0° and 180°C. 
(32° and 350°F.), and which can without 
doubt be extrapolated further with reason- 
able accuracy. The equation derived here, 
of course, is applicable only to the specific 
type of specimen used in this research. 


Oxidizing Environment 


If the removal of hydrogen is purely a 
process of diffusion, considerable benefit 
should be expected from a substantial 
reduction in the surface concentration of 


- hydrogen atoms, or in any method expedit- 


ing the removal of the effusing atoms. 
Miller, for example, has a patent for 
affording recovery from embrittlement by 
immersion of only a few seconds in dilute 


TABLE 9.—Effects of Anodizing and Immer- 
ston in HNO; on Recovery* 











Angle of Bend, Deg. 
P dene of 
reatment ° - . 
: F : Immersion in} Anodized at 
—_ — im | 20 Per Cent | 0.45 Amps. 
HNO, per Sq. In.¢ 
yy 72 80 
75 80 
46 80 95 78 
78 80 70 
75 
I 80 77 77 
77 70 77 
75 
5 77 85 
75 
15 75 100 
100 














* T, 30°C. (86°F.). : 
+’ Specimen in test tube immersed in bath at 30°C. 
¢ 20 per cent HNOs. 


HNO;;’ and Sachtleben presumably de- 
gasses electrolytically deposited chromium 
by making the specimen an anode.‘ Each 
process, of course, reduces the surface 
concentration of hydrogen to a minimum. 
These factors were both investigated in 
the present research, with the results 
shown in Table 9. Up to 5 min., no 
noticeable improvement was effected either 


by immersion in 20 per cent HNO; or by 
anodizing at 0.45 amp. per sq. in. After 15 
min., some improvement was noticed in the 
HNO; treatment, but it was inappreciable. 


TABLE 10.—Relation of Hydrogen Embritile- 
ment to Hardness 








Charging Period, Rockwell C 
Min. Electrolyte Hardness 

0 54 
54 
I 10 % 53 

& NaOH 53% 
64 56 

240 ssh 
I 10 % 55 
8 H3SO.4 54 
64 55 











Specimen, %¢-in. disk from 1-in. annealed type 
440-C em bar. 


Current density, 1.0 amp. per sq. inch. 


MISCELLANEOUS OBSERVATIONS 


Hydrogen Embrittlement and Hardness 


To find whether hydrogen embrittle- 
ment is related to hardness, two sets of 
disks 34 in. thick, cut from an annealed 
1-in. hexagonal bar. were cathodized for 
increasing periods of time with periodic 
measurements of hardness. The first set of 
tests appeared to show a slight increase in 
hardness (Table 10); but the second set 
did not reproduce that increase, and it is 
concluded that hydrogen embrittlement 
has no effect on hardness. 


Hydrogen Embritilement and 
Electrical Resistivity 


Similarly, measurements of electrical 
resistivity after cathodic charging and 
after subsequent aging showed no measur- 
abie change in p (Table 11). This is an 
indication that the hydrogen is neither 
principally alloyed with the steel, which 
would cause an increase in resistivity, nor 
importantly ionized, which would decrease 
the resistivity. It might be possible, how- 
ever, to detect some slight ionization by 
the method used by Moore® on palladium. 
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TABLE 11.—Relation of Hydrogen Embritile- 
ment to Electrical Resistivity 














sas . Temperature, Resistivity, 
Condition of Wire eg. C. Micro-ohms-cm. 
Untreated......... 28.0 65.6 
Cathodizeds....... 29.5 65.6 
Aged 1 hr. at 29°C. 
SE Wakvsbsosc ae 29.5 65.6 





* 10 per cent H2SO.. 
Temperature, 50°C. (122°F.). 
Charging period, 15 minutes. 
Current density, 1.0 amp. per sq. inch. 
> Corrected for temperature coefficient of 0.07 
micro-ohms per deg. C. 


DISCUSSION OF RESULTS 


Planar-pressure Theory of 
Hydrogen Embritilement 


So many of the data in this research 
stand in marked disagreement with the 
prosaic concept of hydrogen embrittlement 
as compound formation or lattice distortion 
that the matter deserves special consider- 
ation. In discussing Fig. 2, for example, 
attention already has been drawn to the 
“incubation period” of zone A and the 
further behavior of embrittlement in zones 
B and C, which is inconsistent with this 
classical concept. The failure of hydrogen 
to affect hardness is difficult to reconcile 
with a theory of lattice distortion or 
compound formation; and the indifferent 
response of the specimens to recovery in 
oxidizing pickling baths deemphasizes 
chemical diffusion as a factor in removing 
hydrogen. Of principal significance, how- 
ever, is the “aging minimum” occurring 
during recovery. 

In several previous papers,®~!° one of the 
present authors has described at length a 
theory for hydrogen embrittlement that is 
consistent with all these observations, 
which can be called the planar-pressure 
theory. According to this concept, hydrogen 
embrittlement is nothing other than the 
result of an aging action in which the 
precipitate is a gas. 

Obviously, the mechanical properties of 
steel cannot be affected until an entrapped 


gaseous precipitate attains a pressure 
sufficient to deform the surrounding matrix. 
That pressure must have some value just as 
critical as a yield point or an elastic limit. 
It then immediately follows that after the 
hydrogen atoms enter the metal an incuba- 
tion period will be necessary to allow them 
to precipitate from the lattice into the voids 
in that lattice where they must fulfill 
prescribed pressure relationships with a 
gaseous He phase. 

On the basis of this concept, the behavior 
of the gas in the present research can be 
outlined as follows: 


Infusion. 


1. Nascent hydrogen atoms enter the 
metal lattice without measurably 
affecting the mechanical properties of 
the steel. This infusion begins with 
the current flow or the acid attack. 

2. Diffusing hydrogen atoms encounter 
the internal planar disjunctions that 
constitute the imperfection structure 
of crystals. There they evaporate 
from the metal lattice in the direction 
of fulfilling their proscribed equi- 
librium with a gaseous Hz phase 
having terrific limiting pressures. 
This, along with step 1, is the incuba- 
tion pertod shown as zone A in Fig. 2. 
It can also be the incubation period 
confirmed by Andrew et al. for the 
formation of flakes in steel,!! and by 
Hanson et al. for cracking in weld 
metal.!? 


Embritilement. 


3. When the pressure of this occluded 
gaseous precipitate exceeds a certain 
critical value, the intragranular struc- 
ture of the steel is suddenly deformed, 
preventing subsequent slip move- 
ments. This stage is embrittlement; 
and its rapid spread throughout the 
grain is indicated by the sudden drop 
over zone B in Fig. 2. 


2 a a ara pen gee ema 


At 











anaes st ae 














306 TEST FOR HYDROGEN EMBRITTLEMENT APPLIED TO STAINLESS WIRE 


4. After this sudden acceleration dimin- 
ishes in zone B, a progressive lowering 
of ductility occurs, indicated in Fig. 2 
as zone C, which probably relates 
more or less directly to the simple law 
of diffusion and plots logarithmically 
as a straight line. 


Effusion. 


5. When the source of hydrogen atoms is 
removed from the surface of the 
specimen, feeding of the lattice stops 
and the total hydrogen content of the 
specimen has reached a maximum. In 
the skin layer, the concentration 
gradient immediately becomes re- 
versed, and the gas evaporates from 
the specimen. Below the skin layer, 
similar evaporation, or precipitation, 
within the planar voids not yet influ- 
enced by the change in external condi- 
tions may continue for a period to 
increase embrittlement further. This 
spontaneous embrittlement constitutes 
the aging minimum found in the 
present work and shown to a remark- 
able degree in Fig. 26. 

6. Once the critical pressure is exceeded, 
the pockets of entrapped gas can 
force intercommunication with one 
another, allowing the gas ultimately 
to reach the surface and escape. This 
quantum-type activity accounts for 
the peculiar manner in which hydro- 
gen bubbles of discrete size appear 
suddenly in oil films on steel;!* it 
accounts for the favorable effect of 
cold-working in removing hydrogen, 
since cold-work furthers the opening 
of these rifts; and the theory in gen- 
eral accounts for the evolution curve 
obtained by Andrew et al.,"! the first 
rapidly declining evolution relating to 
the preliminary skin evaporation just 
mentioned, and the sudden subse- 
quent evolution relating to the attain- 
ment of critical internal precipitation 
pressures. 


Recovery. 


7. Ductility is recovered, not when all 
the gas has been removed, but when 
the planar pressure has been reduced 
below the critical value. Thus, the mild- 
est heating of embrittled steel can 
effect recovery simply by increasing 
the pressure of the trapped gas beyond 
the balanced throttling force at the 
pocket boundaries. An increment of 
gas is thereby forced to the surface in 
a valvelike action; and, upon cooling, 
contraction of the residual gas phase 
aay then result in pressures that are 
ineffective because they are less than 
the critical. 


CONCLUSIONS 


The foregoing work seems to establish 
that: 

1. The bend-testing apparatus developed 
in this research for measuring hydrogen 
embrittlement in wire is simple and effec- - 
tive. Using this apparatus, and keeping 
constant all factors concerning the nature 
of the specimen, such as grade, size, degree 
of cold-work, hardness, and so forth, the 
authors have studied certain remaining 
factors that regulate the absorption of 
hydrogen during cathodic and acid pickling 
and its desorption during aging. 

2. With increasing pickling time, em- 
brittlement increases along a curve having 
three stages: 

Stage A is an incubation period in which 
atomic hydrogen is absorbed into the 
lattice without decreasing the bend value. 
The authors propose that during this 
initial period the hydrogen is simultane- 
ously being precipitated from the lattice 
into crystallographic lattice voids where 
it gathers under constantly increasing 
pressure. 

Stage B is a sudden decline in bend value, 
which is proposed to result from the 
precipitating gas suddenly attaining the 
critical pressure necessary to cause em- 
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brittlement according to the planar- 
pressure theory described in the text. 

Stage C is a gradual slope, which plots 
logarithmically as a straight line and is 
proposed to represent stabilized inward 
diffusion once the critical precipitation 
pressure is reached and maintained near 
the surface. 

3. With increasing temperature during 
charging, embrittlement increases when all 
other factors are constant. Since this is also 
true for cathodic charging in an alkaline 
electrolyte at constant current density, the 
increase cannot be explained on the basis 
of an increased pickling action. The effect 
is especially prominent in short pickling 
periods, which lie within stage A at low 
temperatures and therefore cause no 
embrittlement, but which exceed stage A 
at higher temperatures and therefore lead 
to embrittlement. 

4. Embrittlement is not directly pro- 
portional to current density, a maximum 
embrittling effect occuring close to 1.0 amp. 
per sq. inch. 

5. Cathodic charging provides identical 
results whether the electrolyte is 10 per 
cent NaOH or ro per cent H2SQO,. 

6. Numerous reagents, including com- 
mercial reagents added to pickling baths 
for various reasons and often advertised 
to inhibit or eliminate hydrogen embrittle- 
ment in the pickling of carbon and low- 
alloy steels, fall into three classes as far 
as 440-C stainless steel is concerned: 

a. Additions in all proportions cause a 
marked increase in embrittlement over that 
caused by the raw acid; 

b. Additions in all proportions neither 
decrease nor increase embrittlement; 

c. Small additions increase embrittle- 
ment, but further additions decrease 
embrittlement, until at some critical 
content the reagent behaves as a true 
inhibitor of hydrogen embrittlement. The 
only reagents found in this research to 
have this property of inhibiting hydrogen 
embrittlement are quinoline ethiodide 
and arsenic, and only in acid pickling. All 


commercial inhibitors studied fell in the 
first two classes. 

7. Quinoline ethiodide and arsenic, al- 
though true inhibitors of hydrogen embrit- 
tlement when added in certain concentra- 
tion in straight acid pickling, both have a 
range of concentration in which embrittle- 
ment is badly aggravated. Furthermore, 
arsenic shows no inhibiting effect at all in 
cathodic pickling. 

8. Sulphide ion, supplied by dissolving 
H,S in the solution, causes a marked 
lowering of the bend value. Consequently, 
contamination of the bath from pickling 
free-machining grades should be watched. 

9. In aging, the bend value first 
decreases, which is ascribed to hydrogen 
atoms continuing to precipitate from the 
lattice into the lattice voids after charging 
has stopped. This phenomenon of an 
aging minimum is so marked that speci- 
mens charged within range A and showing 
a perfect bend may subsequently spon- 
taneously embrittle themselves. 

10. Recovery of a 180° bend occurs in a 
period of time (H, in hours) which is related 
to temperature (°C.) for these specimens 
by the equation: 


Tic.) = —47 log H + 87 


This equation has good accuracy between 
o° and 180°C. (32° and 350°F.). 

11. Contrary to a widespread belief, 
recovery is but negligibly hastened by 
treatment in nitric acid. As for anodic 
treatment, even less of an effect is noted. 

12. Hydrogen embrittlement confers no 
detected change on hardness or electrical 
resistivity. 

13. In general, the results of the research 
stand as strong evidence in favor of the 
planar-pressure theory for hydrogen em- 
brittlement and are definitely inconsistent 


with theories based upon lattice distortion © 


or compound formation. 


SUMMARY 


An apparatus is devised for measuring 
hydrogen embrittlement in wire as a 
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function of the angle at which breaking 
occurs during a single bend made at 
constant speed. Simple and effective, the 
instrument is used first to get an approxi- 
mate indication of the sensitivity of various 
stainless grades of steel to hydrogen 
embrittlement, and then to study in 
detail certain factors controlling the 
absorption of hydrogen during cathodic and 
acid pickling and the desorption of that gas 
during subsequent recovery. 

After establishing the fundamental 
relationships of charging time, tempera- 
ture, and current density, the research 
reveals the fact that many of the bath 
reagents called “inhibitors,” often adver- 
tised to inhibit or prevent hydrogen 
embrittlement, actually cause a marked 
increase in embrittlement over that of the 
raw acid for the conditions of these tests. 
Only two reagents, neither a commercially 
advertised inhibitor, are found to be true 
inhibitors at certain concentrations; and at 
other concentrations they, too, aggravate 
embrittlement. The peculiarities of a group 
of these reagents are studied in detail. 

During recovery, the specimens first 
show a further decrease in ductility, or an 
aging minimum, a phenomenon of spon- 
taneous embrittlement so marked that 
specimens showing unimpaired ductility 
after pickling may break at an angle of 
only 95° during subsequent aging. As for 
recovery, at 180°C. (350°F.) 40 sec. is 
equivalent to 71 hr. at o°C. (32°F.). 

The significance of the tests in disclosing 
the nature of hydrogen in steel serves to 
prove the planar-pressure theory for hydro- 
gen embrittlement and to void the concept 
of embrittlement as a function of com- 
pound formation or lattice distortion. 
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DISCUSSION 


S. J. RosENBeRG.*—It is with some diffi- 
dence that this discussion of the excellent paper 
by Dr. Zapffe and Miss Haslem is offered. The 
data presented by these authors give such 
apparently consistent results that it would 
appear that here, indeed, is a simple and effec- 
tive method for evaluating the embrittling 
effects of hydrogen. 

A few years ago we were asked to make a 
short study of the embrittling effects of zinc 
plating as compared with cadmium plating. 
Several different types of tests were tried as a 
means of evaluating changes in ductility, and 
among these was the machine described by 
Dr. Zapffe and Miss Haslem. The writer first 
became acquainted with this machine on a 
visit to Dr. Zapffe in the laboratory of the 
Rustless Iron and Steel Co. at Baltimore. 


* Metallurgist, National Bureau of Standards, 
Washington, D. C. 
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Following this visit, a similar machine was 
constructed in our laboratory. 

Wire for study was supplied by the American 
Steel and Wire Co. and was of AISI-1065 
analysis. The wires were furnished in three 
sizes ({6, 4, and 8%-in diameter) and in 
three different conditions (annealed, cold- 
drawn, and oil-tempered). All wire was from 
the same heat of steel. 

All wires were subjected to a cleaning pro- 
cedure prior to plating.* Following this clean- 
ing procedure the wires were plated in an acid 
zinc or a cyanide zinc bath (2 amp. per sq. dm. 
for 12 min.) or in a cyanide cadmium bath 


plating, were tested in four groups: immedi- 
ately after treatment, 4 hr. after, 24 hr. after, 
and 24 hr. after with an intermediate anneal 
of 2 hr. at 390°F. In all cases the wires bent 
180° without fracture. 

It was thought that this method of test 
might be effective if the test conditions were 
made more severe. Additional bending arms 
were constructed, therefore, to bend the 
and %¢-in. diameter wires around a ¢-in. 
radius. Tests were made on the and %¢-in. 
diameter wires as cold-drawn and as oil-tem- 
pered in the following conditions: (1) as re- 
ceived, (2) as cleaned (see footnote), (3) as 


TABLE 12.—Bend Tests (Around \{¢-inch Radius) of Heat-treated Wires and Sheets 





AISI—1065 Wire 


SAE-X4130 Sheet NE-8630 Sheet 


























ae In. Thick b In. Thick b 
, . : 0.096 In. ick by | 0.096 In. ick by 
4g In. Diameter 346 In. Diameter 44 In. Wide \% In. Wide 
= | 
Original (as heat treated) |60° | 55° | 180° 50° | 180° 180° 110% 180° 95° | 88° | 180° 110° 60° | 48° | 140% 180° 
oat see nad bal ed inact as cot has ell wel wed ed 
180] 180 — 180] 180| 95] 180} 180 no tests 135| 130] I1r0} I10 





Pickled only 60] 50] 140] 180} 180) 180) 180} 180) 125 I15| 120} 120] 130} 140} 140] 135 
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* Tested immediately after treatment. 

+ Tested 4 hr. after treatment. 

¢ Tested 24 hr. after treatment. 

4 Tested 24 hr. after treatment with an intermediate anneal of 2 hr. at 390°F. 


(2 amp. per sq. dm. for 845 min.). Theaverage cleaned and cyanide zinc plated, (4) as cleaned 
thickness of the deposits was 0.0002 inch. and acid zinc plated, (5) as cleaned and cyanide 
Preliminary bend tests around a \<-in. radius cadmium plated. All specimens bent 180° with- 


were made on the various wires in their original 
condition, as cleaned, and as cleaned and plated 
in a cyanide zinc bath. The wires that were 
plated after cleaning, or after cleaning and 


* This cleaning consisted of the following 


out fracture regardless of elapsed time after 
cleaning or plating. 

Following these tests, it was decided to test 
the wires as heat-treated. Samples of the 
and %¢-in. diameter wires (original condition 


as annealed) were heat-treated by water 
steps: . ‘a 
I. Degrease (20 sec.) in either hot or cold quenching from 1475°F., followed by temper- 
beige ethylene. ing at 750°F. The resultant Knoop hardness 
aac Soe (90 sec.) in 2:2 HCl. numbers were 517 and 531 for the 4 and 
ape anodic alkaline cleaning (2 min.). 3 ,-in. diameter wires, respectively. Tests were 
inse. d 
* Rank oie (oe ened ta 0:2 HCL also made on heat-treated steel sheet (special 
. Rinse. bending arms were made to accommodate the 
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sheet). Two analyses were available, one corre- 
sponding to SAE-X4130 and the other to 
NE-8630. Both sheets were 0.096 in. thick (13 
gauge). Test specimens were cut 3 in. long by 
16 in. wide by gauge thickness, taken longitu- 
dinally; i.e., in the direction of rolling. Heat- 
treatment consisted of oil quenching from 
1550°F., followed by tempering at 750°F. The 
resultant Rockwell hardness numbers were 
C-41 and C-40 for the SAE-X4130 and NE- 
8630 steels, respectively. Plating procedures 
were the same as noted previously, but pickling 
was more severe because of the scale formed 
during heat-treatment. For the heat-treated 
wires, a hot 50 per cent HCI dip was used for 
several minutes instead of a short acid dip in 
2:1 HCl. For the heat-treated sheet, a hot 
c. p. HCl dip was used for 30 to 60 min. with 
0.5 per cent (by volume) of Rodine No. 50 
added to inhibit the action of the acid on the 
steel. The results of the bend tests on the heat- 
treated wire and sheet are given in Table 12. 
The results secured were quite erratic. 

While no claim is made that the possibilities 
of this test were completely explored, it was 
disappointing to obtain such variable data 
when such high hopes had been entertained for 
rather consistent data. Perhaps the authors 
will express an opinion as to why such erratic 
results were secured. 


D. J. Macx.*—This paper is interesting 
because it makes public experimental proof of 
a commonly observed fact; i.e., propnetary 
pickling inhibitors many times do not perform 
as advertised—or, putting it the other way, 
advertising claims are sometimes a trifle exu- 
berant and not backed by sound engineering 
experience. This writer suspects that many such 
advertisements (he knows of a few actual cases) 
are written by the sales department or adver- 
tising agency and never checked by the engi- 
neering staff for technica] correctness. 

The effect of arsenic in preventing hydrogen 
embrittlement in acid pickling is not surprising 
because its inhibiting action on corrosion in 
acids has been known for many years. The 
inhibiting effect apparently arises from the high 
hydrogen overvoltage on the arsenic deposited 
by cementation on the cathodic areas on the 
metal surface. If this is true, it seems rather 


* Engineer, U. S. Forest Products Labora- 
tory, Madison, Wisconsin. 


surprising at first glance that a similar protec- 
tion against hydrogen embrittlement does not 
occur during cathodic pickling. The reason is, 
undoubtedly, that in cathodic pickling the 
current density and voltage are high enough 
to deposit hydrogen simultaneously with the 
arsenic, thus preventing the building up of a 
coherent, protective film of arsenic over the 
normally cathodic areas on the metal surface. 
This could be proved in either of two ways: 
(1) by using a much reduced voltage and cur- 
rent density in the hope of selectively deposit- 
ing the arsenic; (2) immersing the steel in the 
acid bath and waiting a few minutes before 
turning on the current, thus allowing time for 
the deposition of arsenic by cementation. 

If the protective action of arsenic on hydro- 
gen embrittlement during acid pickling is due 
to its high hydrogen overvoltage, it would be 
interesting to determine whether mercury and 
tin salts have a similar protective action. Both 
act as corrosion inhibitors for steel in acid 
pickling because of high hydrogen overvoltage. 

Also, it would be interesting to know whether 
the authors have tried ordinary formaldehyde 
as an. inhibitor for hydrogen embrittlement 
during pickling. Although it is not generally 
known, formaldehyde is an excellent corrosion 
inhibitor for steel in acid solutions. 

One other question. Does hydrogen em- 
brittlement occur in this type of stainless-steel 
wire if it is pickled in ferric sulphate (Ferrisul) ? 


L. P. Tarasov.*—By means of their bend- 
test method, the authors have found that cer- 
tain commercial reagents, designed among 
other things to inhibit hydrogen embrittle- 
ment in the pickling of carbon and low-alloy 
steels, act instead as embrittlement promoters 
when the material investigated is a type 440-C 
stainless steel. Were the tests to be repeated 
upon a carbon or low-alloy steel, it is possible 
that these same reagents would inhibit em- 
brittlement instead of promoting it, because 
the alloy content of the steel may have a 
marked effect on the behavior of the reagents 
with respect to embrittlement. 

This is illustrated by the behavior of Fe** 
ions, which the authors have shown in Table 8 
to have no measurable effect upon the em- 
brittlement of the stainless steel with which 





* Research Laboratories, Norton Company, 
Worcester, Massachusetts. 
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they experimented. The writer, on the other 
hand, has found* that the same concentration 
of Fe** ions in sulphuric acid can promote the 
embrittlement of a hardened tool steel of the 
manganese oil-hardening variety. This happens 
when the steel is ground too severely and is 
then etched in cold sulphuric acid, which 
causes etch cracks to appear. These etch 
cracks are simply another manifestation of 
hydrogen embrittlement, occurring when the 
surface of the steel is in a suitably stressed 
condition prior to etching. Under some experi- 
mental conditions, the addition of Fe** ions 
to the etchant has been observed to double the 
amount of etch cracking. Thus we see that 
these ions may or may not have an effect on 
the embrittlement, depending on the steel. 

It is to be hoped that the authors will find 
the opportunity to repeat some of thefr work 
with the addition agents, using a carbon or 
low-alloy steel in place of the stainless one. 
Such results would show definitely whether or 
not the embrittlement-promoting action of 
some of the commercial reagents ‘is restricted 
to the stainless steel that happened to be used 


C. A. Zaprre and M. E. Hastem.—(author’s 
reply).—The data listed in Mr. Rosenberg’s 
table, which certainly are erratic, do not sur- 
prise us. Testing for hydrogen embrittlement 
quantitatively is difficult, as indicated by 
Stuart and Evans, { who found that zinc-plated 
steel broke during bending in the fingers, but 
survived a half-million cycles in a fatigue 
machine. 

The secret of the present work first lies in 
the recognition and control of the many vari- 
ables that affect hydrogen embrittlement, and 
then in the application of the described test. 
Fifteen variables are listed in this paper, at 
least one of which Mr. Rosenberg did not con- 
trol, as will be explained later. To his credit, 
however, it should be pointed out that he was 
the first to apply this test to war problems; 
and that his difficulties mainly followed from 
using the machine before its controls were fully 
developed. 


*L. P. Tarasov: Detection, Causes and Pre- 
vention of Injury in Ground Surfaces. Preprint 
No. 26, Amer. Soc. for Metals (1945) Fig. 3. 

t N. Stuart and U. R. Evans: The Effect of 
Zinc on the Corrosion-fatigue Life of Steel. Jnl. 
Iron and Steel Inst. (1943) 147, 131-144. 


Second, this paper concerns only stainless 
steel; and it has now been found in an exten- 
sion of the research to the effect of alloy con- 
tent that SAE-1065 steel is virtually immune 
to embrittlement when in the patented or 
annealed and cold-drawn condition. 

Third, this paper does nct concern electro- 
plating; and in an extension of the research into 
plating brittleness, new variables have been 
found. For example, one customary embrittle- 
ment curve drops to a low value and then re- 
covers during further plating because the 
impermeability of the coating to hydrogen 
stops the infusion and permits effusion of the 
gas, with recovery often regained while the 
article is still being plated. Mr. Rosenberg’s 
single-period tests may have missed the drop 
in the curve, lying either in front or back 
of it. 

Another type of curve has peculiarities from 
a double-aging effect in which a backwash of 
gas occurs as it precipitates from the coating 
into the metal, or vice versa, as originally 
identified by Zapffe and Faust.* Without the 
most careful appraisal of these effects, measure- 
ments can be meaningless. 

If Mr. Rosenberg’s question must be an- 
swered specifically, we will draw attention to 
the fact that we prepare our specimens by a 
uniform abrading treatment, and that he pre- 
pared his by pickling in an acid known to be 
highly hydrogenizing. In his first tests, the 
20-sec. dip may or may not have become influ- 
ential; but in the more extended cleaning for 
the tests in Table 12—specimens that finally 
did show hydrogen embrittlement—he not only 
exposed the steel to hydrogenizing previous to 
electroplating, but he exposed it to hydro- 
genizing that was as erratic as the data in the 
table. 

That is, scale detaches itself nonuniformly 
during pickling, exposing local sections of the 
metal to widely differing periods of attack. 
Emphasizing this nonuniformity, the presence 
of the so-called “‘inhibitor’’ Rodine very likely 
behaved as described in the paper. The factor 
“inherent hydrogen content’”’ was therefore not 
controlled, and the superimposed plating values 
lost their significance. 


*C. A. Zapffe and C. L. Faust: Relation of 
Defects in Electroplate to the Gas Content of 
the Basis Metal. Proc. 32nd Tech. Session, 
Amer. Electroplaters’ Soc. (1944) 93-108. 
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Mr. Mack’s suggestions for investigating the 
effect of arsenic are good. Mercury and tin, on 
the basis of our present knowledge, do not 
behave in the same way as arsenic in respect 
to hydrogen embrittlement. We have not yet 
investigated either formaldehyde or Ferrisul. 

Dr. Tarasov’s excellent paper on cracking 


came to our attention after the present paper 
was written. His results with ferrous sulphate 
warrant that the few tests reported here be 
extended. 

As for extending the study in general to un- 
alloyed steel, that has already been done and 
will be reported shortly. 
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A Precipitation-hardening Stainless Steel of the 18 Per Cent 
Chromium, 8 Per Cent Nickel Type 


By R. Suira,* E. H. Wycue,f Memser A.I.M.E., anp W. W. Gorr* 
(Chicago Meeting, February 1946) 


THE combination of high strength and 
corrosion resistance of cold-worked 18 Cr, 
8 Ni steel has been advantageously 
utilized for some time, particularly in 
aircraft and rail car structures. There are, 
however, certain limitations on the use of 
such materials because the high strengths 
can be obtained only by cold-working, 
limiting the available products to sheets, 
strip, wire and tubes. 

The authors sought to overcome these 
limitations by resorting to precipitation- 
hardening, which has been used so success- 
fully in nonferrous metallurgy but only 
to a limited extent in iron-base alloys. 
Accomplishment of this objective not only 
overcame the limitations, but also effected 
certain improvements in mechanical and 
other properties. 

This paper is an account of the develop- 
ment by Carnegie-Illinois Steel Corporation 
of a precipitation-hardening 18-8 stainless 
steel (called Stainless WI and tentatively 
identified as type 322). A description is 
given of its composition and metallurgical 
characteristics, heat-treatment, physical 
and mechanical properties and corrosion 
resistance. 


Manuscript received at the office of the 
Institute Nov. 13, 1945. Issued as T.P. 2006 in 
METALS TECHNOLOGY, June 1946. 

* Carnegie-Illinois Steel Corporation, Pitts- 
burgh, Pennsylvania. 

¢t Formerly with Carnegie-Illinois Steel 
Corporation; now with Titanium Alloy Manu- 
facturing Co., Niagara Falls, New York. 

¢ Covered by U.S. Patents 2381416, 2374388 
and others pending. 


DEVELOPMENT OF THE NEW STEEL 


For a considerable length of time the 
authors were unable to determine the 
mechanism of the precipitation-hardening 
process that had been noted by Ffield'*-'* 
in 18-8 Ti or 18-8 Cb after cold-working 
and reheating to moderately elevated 
temperatures. All known variables were 
exhaustively studied, but with little 
success. However, results began to indicate 
that chemical composition was the most 
important variable, particularly the ratio 
of austenite-forming to ferrite-forming 
elements. 

The investigators then focused their 
attention upon the composition, and, in 
particular, upon the element titanium and 
its mode of alloying in the presence of other 
elements. A heat was obtained that could 
not be brought to the softness level of 
annealed 18-8. The response to cold- 
straining and aging* was very marked by 
previous standards, and, more important, 
cold-straining was found to be entirely 
unnecessary to produce the precipitation- 
hardening effect. The chemical composition 
of this heat was: C, 0.06 per cent; Mn, 0.54; 
P, 0.016; S, 0.016; Si, 0.58; Ni, 7.28; Cr, 
17.60; Ti, 0.90; Ai, 0.17. 

For some time the development work, 
particularly on composition, was carried 


18 References are at the end of the paper. 

*The term “precipitation-hardening” in 
this paper refers to the broader concept of the 
term and ‘‘aging’’ refers to the hardening step 
following the solution treatment. 
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out on the product of 17 or 30-lb. induction 
heats, in both the as-cast and wrought 
states, but the bulk of the data reported 
in the following pages was obtained 


$00 


accounted for by such small amounts of 
delta ferrite (approximately 5 per cent), 
indicating that other magnetic phases were 
present. Quantitative X-ray diffraction 
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Fic. 1.—RELATIONSHIP BETWEEN VICKERS HARDNESS AND PERCENTAGE OF FERRITE. 


on wrought material from commercial 
heats from arc furnaces of 7 and 35-tons 
capacities. 

The microstructure of the wrought 
product from these and later heats showed 


data were then compiled, using, for com- 
parison, standards of known amounts of 
austenite and ferrite mixtures. A correla- 
tion was found (Tables 1 and 2 and Fig. 1). 

These data show the relationship be- 


TABLE 1.—Analyses of Heats Used for X-ray Diffraction Tests 
































Composition, Per Cent 

Heat Lae _ 
No. ] 

Cc Mn P Ss Si Ni Cr | Ti | Al | Nz Cb 

| 
223 0.06 0.45 | 0.020 | 9.006 | 0.60 9.56 17.40 | 0.66 | 
281 0.06 0.57 0.010 | 0.010 0.64 9.12 17.60 | 0.84 0.19 0.015 
280 0.05 0.55 0.020 | 0.005 0.70 8.24 18.68 0.88 | 0.22 | 0 o18 
278 0.08 0.62 0.005 | 0.004 0.69 7.10 18.52 | 0.84 | 0.22 | 0.030 
265 0.06 0.62 0.025 | 0.006 0.57 7.60 17.04 | 0.85 0.21 | 0.033 
283 0.07 0.55 0.020 | 0.023 0.56 6.93 16.88 | | 0.82 | @.0sq | 1.13 
275 0.06 0.61 0.017 | 0.005 0.57 5.84 17.24 | 0.88 | 0.19 0.022 | 
244 0.06 0.54 | 0.016 | 0.016 0.58 7.4 17.60 | 0.90 0.17 0.073 | 
| 





variable amounts of delta ferrite, ranging 
between 5 and 35 per cent, which appeared 
to have little correlation with aging 
response. The remaining constituents could 
not be identified at that time, but the 
ferromagnetism was too pronounced to be 


tween ferrite and aging response and indi- 
cate that aging, following the 2050°F. 
(1r20°C.) solution anneal, produces no 
change in the amount of ferrite detectable 
within the limits of experimental error 
(about +5 per cent). Thus, the previous 
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data, which for a time had been so dis- 
cordant, began to take on an orderly 
arrangement. 

Most of the data in this investigation 
relate to the titanium type of analysis, 


TABLE 2.—Relationship between 
Amount of Ferrites and Vickers Hardness 
before and after Aging, for Heats 
Shown in Table 1 





Solution Annealed | Annealed and Aged 
at 2050°F. 3} Hr. at 950°F. 
(1120°C.) and (510°C.) and 





Heat Water-quenched Air-cooled 

No. mae os 
Vickers | Ferrite,® | Vickers | Ferrite, 
Hardness 








Per Cent | Hardness | Per Cent 





' 


223—Ci«SI 125 | I5 } 130 10 
281 130 «(| 25 | 142 15 
280 160 | 25 | 187 25 
278 =| 166 35 205 35 
265 | 242 75 |} 320 75 
283 | 275 85 | 370 85 
275 | 280 100 450 100 
244 | 270 | 


100 | 445 100 





* Determined by X-ray diffraction. 

> Ferrite includes both alpha and delta forms. 
which had been selected for development, 
but the mode of action of columbium and 
other elements is thought to be very 
similar. ‘ 

MECHANISM OF PRECIPITATION- 
HARDENING REACTION 


In this precipitation-hardening 18-8 
there is a change of phase involved in 
heating or cooling. Austenite is the stable 
phase at elevated temperatures while 
ferrite is the stable phase at atmospheric 
temperature. The reason for precipitation- 
hardening in this material is that the 
hardening constituents are soluble in 
austenite and relatively insoluble in ferrite. 
Precipitation-hardening is brought about 
by reheating the supersaturated ferrite to 
a moderately elevated temperature, below 
that of transformation from ferrite to 
austenite. (Not all of the austenite may 
become transformed on cooling from the 
solution annealing temperature; indeed, 
some may even be purposely prevented 


from transformation prior to aging.*) The 
simplest proof that the precipitation occurs 
in ferrite rather than in austenite is that 
the degree of precipitation-hardening that 
can occur on aging is approximately 
proportional to the attraction of a hand 
magnet prior to aging. More positive proof 
is provided by the X-ray diffraction data, 
which show that the increase in hardening 
is proportional to the amount of the body- 
centered cubic lattice structure present 
(Tables 1 and 2 and Fig. 1). Additional 
evidence is provided by the fact that the 
slope of the dilatometric heating curve 
(Fig. 2), up to and beyond the aging range, 
is that of a ferritic steel, while above the 
transformation point it is the slope of an 
austenitic steel. Also, the density, which 
is unaffected by aging, is 7.65 grams per 
cubic centimeter, approximately that of 
ferritic stainless alloys (7.56 to 7.65 grams 
per c.c.). 

Identification of the precipitate has not, 
to date, been possible because of its finely 
dispersed state. It is faintly discernible 
under the microscope but has not been 
agglomerated sufficiently by overaging to 
be analyzed chemically or identified by 
X-ray diffraction technique. The electron 
microscope reveals little more than the 
light microscope. 

Direct evidence of the precipitation- 
hardening is shown by certain changes in 
physical properties; a decrease of about 15 
per cent in electrical resistivity and an 
increase of about 10 per cent in the thermal 
conductivity result from aging. Changes of 
this nature are indicative of a precipitation 
from supersaturated solid solution. 


COMPOSITION AND EFFECT OF VARIOUS 
ELEMENTS 


As stated previously, the composition of 
this material must be so balanced, chemi- 
cally, that the austenite will transform to 


*U.S. Patent No. 2374388. 
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ferrite on cooling. This transformation, 
which is essential to precipitation-harden- 
ing, usually begins (Fig. 2) at approximately 
250°F. (120°C.), and is practically complete 


formation does not take place, then only 
limited precipitation-hardening is possible 
as shown in Fig. 1, unless means of forcing 
the transformation are resorted to, such as 
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in from 2 to 4 hr. after the material has air- 
cooled to room temperature (Fig. 3A). 
Should the amount of any of the elements 
be so varied that the austenite-ferrite trans- 


cold-work or refrigeration. However, the 
fact that transformation does occur does 
not mean that the material will be amen- 
able to controllable precipitation-hardening 
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because the elements relied upon must be 
present in the proper proportions. A work- 
able composition range has been developed, 
and a typical analysis is as follows: C, 
0.07 per cent; Mn, 0.50; P, 0.010; S, 0.010; 
Si, 0.50; Ni, 7.00; Cr, 17.00; Ti, 0.70; Al, 
0.20; Fe, balance. 

The most important element is titanium, 
which serves the dual purpose of being the 
primary precipitation-hardening element 
and a strong ferrite former. With all other 
elements properly balanced, the optimum 
percentage of titanium has been found to 
be in the range of 0.40 to 1.00 per cent. 
Should the titanium be appreciably lower, 
the matrix will remain partially austenitic 
after cooling to room temperature and only 
limited precipitation-hardening will be ob- 
tainable unless the material is cold-strained 
or refrigerated. If the titanium content is 
too high, the hardening will be excessive 
and there will be a corresponding decrease 
in ductility unless a lower solution anneal- 
ing temperature or a higher aging tempera- 
ture is employed. 

In melting this material, aluminum is 
added to the bath primarily as a deoxidizer. 
The excess that remains in solid solution 
serves to augment the titanium in the pre- 
cipitation-hardening role. This element also 
is a ferrite former and therefore must be 
considered in controlling the composition, 
and, thus, the resultant precipitation- 
hardening characteristics. 

Carbon does not contribute directly to 
the precipitation-hardening reaction as do 
the other preceding elements, but it serves 
to control the amount of soluble titanium 
that will be available for the reaction. In 
other words, when the titanium is combined 
with carbon, it is immobilized and no longer 
capable of entering into the precipitation- 
hardening reaction. Carbon, as is well 
known, is directly a strong austenite former 
and indirectly a powerful austenite stabi- 
lizer, because it removes a ferrite former, 
titanium, from solid solution. 

Nitrogen behaves in much the same man- 
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ner as carbon because it also combines with, 
and thus immobilizes, the titanium. Also, 
as shown by Uhlig,”® it stabilizes the 
austenite and therefore should be controlled 
and held as low as possible (to residual 
amounts). 

The remaining alloying elements—nickel, 
manganese, chromium and silicon—serve 
to control the austenite to ferrite balance; 
the first two elements are austenite 
formers while the two last are ferrite form- 
ers. The authors believe that these ele- 
ments, with the possible exception of 
nickel, do not enter into the precipitation- 
hardening reactions. 

Nickel, the primary austenite-forming 
element, is preferred in the amount of 
approximately 7 per cent. When the per- 
centage is lowered to 5 or 6 per cent, the 
ductility and corrosion resistance are 
impaired. As the nickel content is in- 
creased, the stability of the austenite 
increases, and the time required for austen- 
ite transformation is increased. In fact, 
the amount of untransformed austenite 
may increase and, since austenite is not 
amenable to precipitation-hardening, the 
final hardness is decreased. The optimum 
percentage of nickel is dependent upon the 
demands of the end use. Nickel is replace- 
able to a certain extent by the element 
copper. 

Manganese usually is present in the order 
of less than 2 per cent, about equivalent to 
that in the ordinary grades of 18-8. How- 
ever, the manganese content can be in- 
creased beyond that indicated, provided 
the nickel content is lowered sufficiently 
to maintain the proper phase balance; it 
has been substituted for approximately 
half of the nickel, but the resultant corro- 
sion resistance was lowered considerably. 

Chromium is a ferrite former and aids 
in maintaining the proper phase balance, 
imparts corrosion resistance, and is pre- 
ferred in the amount of about 17 per cent. 

Silicon, over the range studied, up to 
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approximately 2 per cent, exerts no discern- 
ible effect upon the precipitation-hardening 
reaction. However, as a mild ferrite 
former, it has a bearing on the austenite 
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HEAT-TREATMENT 


Like other precipitation-hardening mate- 
rials, this material is heat-treated in two 
steps: 
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Fic. 4.—EFFECT OF TIME AND TEMPERATURE OF SOLUTION ANNEALING ON UNAGED AND AGED 
HARDNESS. 


to ferrite ratio. In addition, it serves as a 
preliminary deoxidizer. 


Columbium has been substituted suc- 


cessfully for titanium to produce precipita- 
tion-hardening. 


Solution Annealing.—Solution annealing 
consists of heating to put the precipitation- 
hardening constituents into solid solution 
in austenite; upon cooling to room tem- 
perature this transforms to ferrite, which 
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FIG. 5.—EFFECTS OF SOLUTION ANNEALING AND AGING TEMPERATURE ON MECHANICAL PROPERTIES. 
Solution annealing treatments between 1200° and 1700°F. were preceded by a normalizing 
heat-treatment at 1850°F. All solution annealing treatments were for 4 hr. at temperature. Each 
point is an average of duplicate tests or five heats. 


if: is then supersaturated with the precipita- consists of reheating, upon completion of 
tion-hardening constituent. austenite transformation, to a temperature 
Aging (Precipitation-hardening).—Aging at which precipitation-hardening con- 
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stituents will precipitate out of the super- 
saturated ferrite and impart the desired 
change of properties. 


SOLUTION ANNEALING 


The solution annealing temperature 


“ONTINUED). 


range for Stainless W begins at about 
1200°F. (650°C.), which is 100° to 200°F 
above the temperature. at which the mate- 
rial begins to transform to austenite, 
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and extends to approximately 2000°F 
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(1095°C.). Material solution-annealed at a 
temperature higher than 2000°F. (1095°C.) 
will show a decrease of hardness (Fig. 4). 
This figure and Fig. 5 show that, with 
increasing solution annealing tempera- 
tures, the hardness and yield strength 
of the unaged material increases slightly 
and passes over a peak at 1700° to 2000°F. 
(925° to 1095°C.), while the corresponding 
tensile strength simultaneously reaches a 
minimum value at about 1600°F (870°C.) 
and then increases slightly with increasing 
temperature. The corresponding aged val- 
ues increase rapidly until a maximum 
strength or hardness is obtained following 
solution annealing at about 1700° to 
2000°F. (925° to 1095°C.), depending upon 
the aging temperature. Further increase 
of the solution annealing temperature only 
results in lower values after subsequent 
aging. Also, it should be noted that at the 
lower temperatures, 1200° to 1600°F. 
(650° to 870°C.), the slope of the curve of 
aged mechanical properties versus tem- 
perature is steep and close control of 
temperature is necessary, while at the 
higher temperatures, 1600° to 2000°F. 
(870° to 1095°C.), a plateau is reached 
permitting a greater latitude of tempera- 
ture control. The solution annealing 
temperature also influences the isothermal 
transformation rate as measured by ex- 
pansion in a quenching dilatometer (Fig. 
3B). This figure shows that increasing the 
solution annealing temperature from 1300° 
to 1900°F. (705° to 1040°C.) has no effect 
on the onset of isothermal transformation 
at 85°F. (30°C.) but the rate is generally 
slower, the lower the solution annealing 
temperature. 

The holding time, over and above the 
minimum, at the solution annealing tem- 
perature has virtually no influence on the 
unaged, and aged, hardness, as is shown in 
Fig. 4. However, the minimum time should 
be sufficient to remove the effects of all 





cold-work, and to take into solution the 
desired amounts of the precipitation- 
hardening constituents. 

Usually, the minimum time is short, and 
on thin sections, 5 min. at the higher 
annealing temperatures 1850° to 1950°F. 
(1015° to 1070°C.), has been found satis- 
factory, while slightly longer times are 
recommended for heavier sections, where 
it is more difficult to determine when the 
material has reached temperature. The 
heating and cooling rates to and from 
the solution annealing temperature have 
no known effects on either the unaged or 
aged properties, provided that extremely 
slow cooling rates, such as are customary in 
box annealing, are not employed. Such 
slow rates of cooling retard the onset of 
austenite transformation, as shown by 
Fig. 3A, and reproducible results are 
difficult to obtain, because of the difficulty 
in readily determining when transforma- 
tion is complete. 

When this steel is heated and cooled to 
and from the solution annealing tempera- 
ture, transformation takes place. On 
heating (at a rate of 5°F. per minute) as is 
shown by Fig. 2, the ferrite begins to 
transform to austenite at approximately 
1050°F. (565°C.), and on fast cooling the 
austenite-ferrite transformation begins at 
approximately 250°F. (120°C.). However, 
the rate of transformation is inherently 
sluggish, therefore precautions must be 
taken to be certain that transformation on 
cooling is essentially complete prior to 
aging. This may be ascertained by a 
series of Rockwell readings taken over a 
period of time. Two to 4 hr. at room tem- 
perature following the 1700° to 2000°F. 


(925° to 1095°C.) solution anneal is usually 
considered satisfactory, but longer times 
are necessary following the lower (1200° to 
1500°F. or 650° to 815°C.) solution 
annealing temperatures. (See Fig. 3B.) If 
transformation is not complete, reproduci- 
ble results are difficult to obtain. 
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AGING (PRECIPITATION-HARDENING) 

Precipitation-hardening takes place over 
the temperature range of s500°F. (260°C.) 
to approximately troso°F. (565°C.). At 
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temperature, 1050°F. (565°C.), approaches 
the transformation range, and actually 
results in some formation of austenite 
that improves the ductility and impact 
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the lower temperatures, 500° to 700°F. 
(260° to 370°C.), the precipitation-harden- 
ing begins and proceeds slowly as is shown 
in Fig. 6. At 800° to goo°F. (425° to 
480°C.), the rate of hardening is greater 
(Fig. 7) and there is considerable latitude 
in time, but the resultant product is 
lacking in ductility and probably would be 
undesirable for applications. At 
g50°F. (510°C.), r1o000°F. and 
1050°F. (565°C.), the three recommended 
temperatures, hardening takes place still 
more rapidly (Fig. 7), but the resultant 
properties are better balanced and con- 


most 
(s40 C.) 


sidered to be of more commercial value. 
Of the three latter temperatures, 950°F. 
(510°C.) gives the maximum tensile and 
yield strength, but with the lowest impact 
strength and ductility, 1000°F. 
(540°C.) gives a slightly lower tensile and 
yield strength with an improved impact 
strength and ductility. The highest aging 


WwW h i le 


strength, since it is retained at room 
temperature, but at some sacrifice of 
tensile and yield strengths (Figs. 5, 7 and 
17). Temperature control of +15°F. at 
the recommended aging temperatures is 
considered satisfactory for all practical 
purposes. 

The time for beginning of precipitation- 
hardening is very short; in fact, after one 
minute at g50°F. (510°C.) the precipita- 
tion-hardening is approximately 60 per 
cent complete. In comparison with other 
precipitation-hardening systems, this reac- 
tion rate is very rapid, therefore it is 
possible to use short aging periods. How- 
ever, more reproducible results have been 
obtained by using longer times, such as 
I5 or 30 min. at temperature (Fig. 7). 
As would be expected, the latitude of time 
is less when using the higher aging tem- 
peratures and this is particularly so when 
using 1050°F. (565°C.). 
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The heating rate to the aging tempera- 
ture does not have an appreciable effect 
upon the resultant mechanical properties, 
but the cooling rate has a very pronounced 


by Fig. 10. The uniformity of hardness in 
the unaged condition is attributed to the 
fact that transformation on cooling from 
the solution annealing temperature, at 
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effect upon the impact strength. Water 
quenching improves impact values by as 
much as 40 to so per cent over those 
obtained by air cooling (Fig. 8). From this 
figure, it is also to be noted that the lower 
solution annealing temperature results in 
higher impact strengths in the aged 
material. 

An illustration of the foregoing discus- 
sion on the steps of solution annealing and 
aging is given in Fig. 9, which shows 
schematically a recommended cycle. 

This new 18-8 age-hardenable stainless 
steel will harden in either the as-cast, as 
hot-worked, or as cold-worked condition, 
but solution annealing prior to aging 
facilitates better control over the final 
results. 

One of the most interesting character- 
istics of this material is the extreme uni- 
formity of hardness, in both the unaged and 
aged conditions, obtainable over the cross 
section of bars of various sizes, as is shown 


ordinary rates, takes place over a narrow 
range of temperature and well below the 
aging range, and therefore the material 
consists of only the unaged ferrite resulting 
from the austenite transformation. This 
product of transformation, therefore, is 
reasonably homogeneous and will age- 
harden uniformly. Also, the latitude of 
both temperature and time of the aging 
and solution annealing heat-treatment are 
believed to contribute to this characteristic. 


MICROSTRUCTURE 


The microstructure of the new age- 
hardenable ferritic 18-8 stainless steel is 


* The etchant preferred by the authors is a 
IO per cent aqueous solution of NaCN used 
electrolytically, as described by Arness;?® the 
photomicrographs shown in this paper were 
etched accordingly. Other electrolytic etchants, 
such as 10 per cent aqueous oxalic acid solution 
described by Ellinger,*®° 10 per cent chromic 
acid developed by Baeyertz,*! “‘lactal"’ (10 c.c. 
conc. HCl, 45 c.c. lactic acid and 45 c.c. alcohol 
developed by one of the authors, and Marble’s 
reagent,*? used by immersion, have been found 
satisfactory but difficult to control. 
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dependent primarily upon whether the 
material is solution annealed in the higher 
temperature range, 1600° to 2000°F. 
(870° to 1095°C.), or in the lower range 


low-carbon martensite, which has been 
termed “stress-laden ferrite,’ and is the 
product of transformed austenite (Fig. 11). 
Delta ferrite, which is discernible as 
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1200° to 1600°F. (650° to 870°C.), and 
secondarily upon the aging temperature. 
Following a solution anneal at the higher 
temperatures, 1600° to 2000°F. (870° to 
1095°C.), and cooling to room temperature 
to permit transformation to take place, the 
microstructure is composed of four phases: 
alpha ferrite, delta ferrite, austenite and 
carbides. The supersaturated alpha ferrite, 
which constitutes the matrix, resembles 


stringers or pools, is usually present in 
amounts varying from 5 to 25 per cent. 
At still higher temperatures, 2200°F. 
(1205°C.), the delta phase agglomerates, as 
is shown by Fig. 12. The carbides are 
randomly dispersed throughout the matrix. 
The austenite has never been discernible 
under the microscope, but X-ray determi- 
nations indicate it to be present in amounts 
up to approximately 5 per cent. 
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Following a solution anneal at the lower annealing temperature. At the lower 
temperatures, 1200° to 1600°F. (650° to temperatures, about 1300°F. (705°C.), the 
870°C.). and subsequent transformation at lamellar constituent covers the greater part 
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room temperature, the alpha phase takes of the matrix (Fig. 13). With increasing 
on a lamellar appearance, the amount of temperature, or longer times, the resolu- 
which is dependent upon the solution tion of the lamellar constituent increases, 




















R. SMITH, E. H. WYCHE AND W. W. GORR 





Fics. 11-15.—STRUCTURE OF ALLOY 
AFTER 14-HOUR SOLUTION ANNEAL. 
X 1000. ELECTROLYTIC NaCN ETCH. 

Fig. 11.—1600°F (870°C.). 

Fig. 12.—2200°F. (1205°C.). 

Fig. 13.—1300°F. (705°C.) note 
lamellar constituent. 

Fig. 14.—1600°F. (870°C.) and &% hr. 
at goo°C. {480°C.). 

Fig. 15.—1600°F. (870°C.) and aging 
lg hr. at 1000°F. (540°C.) note 
darkening of delta ferrite. 
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but the quantity decreases. This con- a darkening of the alpha phase (Fig. 14); 
stituent is associated with improved next a darkening of the delta phase (Fig. 
ductility and impact strength, but the re- 15). This darkening is attributed to the 
sponse to aging is less. Above 1400°F. submicroscopic hardening constituents, 


TABLE 3.—Physical Constants 

















| 18-8 | 
Stainless W 18-8 (Fer- 17 Cr 
ritic)*8 | 
| Constant 
| | 
} le 
Annealed Aged Annealed cartes | Annealed} Annealed 
pr j 
| |__| 
Specific gravity: | 
Lhe. $6f.66; i... .. 0.5.50. 0.28 | 0.28 0.29 |} 0.283 | 0.2833 
Grams per c.c.......... 7.65 7.65 7.938 | 7.74 7.7% 
Specific electrical resistance, 
microhms per cu. cm. at 
DON Six Dues hoe B83 100 85 7233 |} 93.5 6033 
Sects oi cs AS ewes F4,b Fe Ad A-F F F 
Thermal conductivity, 
Cal per sq. cm. og sec. per 
deg. C. per cm. 
BOs eck a wae 0.045 0.050 0.03933 0.06233 
en Se ee 0.048 | 0.053° 0.042 | 0.063 
=p a ee 0.056° | 0.059° 0.048 0.063 
B.t.u. per sa sq. ft. bak hr. | 
per | 
ie PP ae 10.8 12.1 9.43 | | 15.133 
300°F ienedeh-ets 11.6 13.0 10.2 5.2 
°F ae 13.5 14.2 11.6 | 15.2 
Mean coefficient of thermal 
expansion: 
Deg. C. X 1076 
G@B0 Bri cs ee. vc 9.9 17.3 10.4 
OW i ee oes eves 11.2 17.8 II.0 
One Oe. cs. ee its 18.4 11.3 
Deg. F.. & 1076 
yt. ne 5.5 9.633 5. 833 
Ry ae Ss ly Se 6.2 9.9 6.1 
Roe ye 6.3 10.2 6.3 
a gee permeability, 
81 | 101 1.00353 1033 66.9 14728 
Modulus = elasticity (ten- | 
sion), lb. pe sq. in eedoes 28,000,000 28,000,000 | 28,000,0002 33 26,000,0004 29,000,000%4 
Modulus of ‘slasticity (tor- 
sion), lb. per i Ae wis 11,300,000 12,500,000% 33 | 11,000,000%4 








* As cold-worked these values decrease to 26,000,000 or less. 

+ Ferritic approximately 3 hr. after cooling to room temperature from austenitizing temperature. 
e Estimated. on basis of experience with other similar steels. 

¢F = ferritic; A = austenitic. 


(760°C.), the lamellar constituent begins which first begin to precipitate when the 
to go into solution and after one-half temperature reaches approximately 500° 
hour at 1600°F. (870°C.) solution is to 600°F. (260° to 315°C.). 
essentially complete (Fig. 11). Changes in Upon aging following solution annealing 
the amount of austenite retained at at 1200 to 1600°F. (650° to 870°C.), the 
room temperature also occur within this same submicroscopic precipitate darkens 
range of temperature, with the higher the matrix, but again the precipitate 
amounts (up to 35 per cent) associ- itself is not resolvable. The microstructure 
ated with the lower solution heating of such aged material is similar to, but 
temperatures. darker than, that shown in Figs. 11 and 
Upon aging following solution annealing 13, the amount of lamellar constituent 
at 1600 to 2000°F. (870° to 1095°C.), the depending on the solution annealing 
first visible change in the microstructure is temperature. 
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PHYSICAL PROPERTIES 
Physical properties of this steel are 
compared in Table 3 with those of annealed 
18-8, cold-worked 18-8, Uhlig’s”® ferritic 
18-8, and annealed 17 per cent Cr. As 
would be surmised from the discussion 


MECHANICAL PROPERTIES 


Properties at Room Temperature 


The ‘“‘soft’’ mechanical properties that 
make the conventional annealed 18-8 so 
easily adaptable to deep-drawing, forming 


TABLE 4.—Typical Ranges of Tensile and Hardness Properties of the New Steel as 
Solution-annealed and as Aged at the Temperatures Indicated 





} | 
| Elongation in 2 In., Per Cent Mini-| 
| mum for Thicknesses Indicated 











Yield 
Strength, |) Tensil Plates | 
» Dar ensue = - . S | 
— = "C I °F | Strength, Sheets and Strips and Bars Rockwell 
eg Treatment Offset 1000 Lb. | Ee rae | Hardness, 
~~ pare Lb per | C Scale 
a Sq. In. 0.030 | Over | , 
per In, | 9-030 | Over | 34 In. | —e 
Sq. In and | _t2 | 9,060} and In 
ped 0.060 | In. | Less | 72 *™ 
oe ee 
I Solution-annealed at 1850 
1950°F. a.c. 75-115 120-150 3 4 5 oe a 22-28 
2 No. 1 plus aged at 950°F., 44 hr 
r Qt 180-210 195-225 3 4 5 8 10 | 39-47 
3 No. 1 plus aged at 1000°F., 44 hr 
| 
a.c. 170-210 190-220 3 4 5 8 10 | 38-46 
4 No. 1 plus aged at 1050°F., 44 hr | 
a.c. 150-185 170-210 4 8 7 8 10 35-43 
5 No. 1 plus solution anneal at | 
1300°F. a.c. 70-110 | 120-150 5 6 | 7 10 12 23-29 
6 No. 5 plus aged at 950°F., 44 hr 
a.c. 135-175 155-185 5 6 7 10 12 35-41 
7 No. 5 plus aged at 1000°F., 44 hr 
a.c 25-165 I 175 5 oa 7 10 12 34-40 
8 No. 5 plus aged at 1050°F., 44 hr | 
a.c. 110-145 | 135-170 5 6 8 | ro | 12 | 31-37 





under Mechanism, and by the work of 
Uhlig?® on 18-8 stainless steels with very 
low carbon and nitrogen, certain of the 
physical constants, which are more directly 
dependent upon metallographic structure 
than upon chemical composition, approach 
those of ferritic 17 per cent Cr and ferritic 
18-8. Examples are: specific gravity, 
coefficient of thermal expansion, magnetic 
permeability and _ electrical resistivity. 
The difference in electrical resistance and 
thermal conductivity between the annealed 
and aged conditions is believed to be 
indicative of precipitation. The constant 
modulus of elasticity, as compared with 
the decreasing modulus of cold-worked 
18-8, is significant, and will be discussed 
under Mechanical Properties. 


and spinning operations are the char- 
acteristic properties of austenite. The 
high-strength properties of cold-rolled 
18-8, which make this type of stainless a 
widely used structural material in the 
aircraft and transportation industries, 
are largely those of austenite strained by 
cold-work and in a certain stage of trans- 
formation into ferrite (martensite). The 
propensity for austenite — ferrite (mar- 
tensite) transformation is largely a function 
of the chemical composition. Some alloying 
elements—for instance, chromium, silicon, 
aluminum—tend to favor the transforma- 
tion from austenite to ferrite, while 
others—nickel, manganese, carbon, nitro- 
gen—tend to restrain it. Thus, by “ balanc- 


99 


ing” the ratio of austenite formers to 
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ferrite formers, the austenite of con- 
ventional 18-8 can be made relatively 
stable, with a low rate of work-hardening 
for deep-drawing applications; or relatively 
unstable, with a high rate of work-harden- 


As mentioned previously, however, the 
basic composition is so balanced as to 
ensure, without the necessity of cold-work- 
ing, the approximate completion of the 
austenite — ferrite (martensite) transfor- 


TABLE 5.—Mechanical Properties of Stainless W Wrought Products 
Plates, Sheets, Strip, Bars, Wire, Forgings 





| 
| Annealed | 



































Aged 
Properties 1850°—1950°F. | 14 hr. 950°F. 
|\(1010°—1065°C.) (510°C.) 
c 1 | Ultimate stress, lb. per sq. in. 120,000 195,000 
| 2 | Yield stress, lb. per sq. in. 75,000 180,000 
ai 3 Proportional limit, lb. per sq. 40,000° 95,0002 
©| 4 | Initial modulus of elasticity, 1b. ‘per sq. in. 28,000,000 28,000,000 
e 5 | Elongation in 2 in., per cent 3-10 3-10 
n 6 | Ultimate (block) stress, lb. per sq. in. 389,000°.* 
z 7 | Yield stress, lb. per sq. in. | 75,000° 180,0004 
fs 8 | Proportional limit, lb. per sq. in. 40,0004 95,0002 
&| 9 | Column yield stress, lb. per sq. in. 
5 “| ro | Initial modulus of elasticity, lb. per sq. in. | 28,000,000 28,000,000 
11 | Ultimate stress, lb. per sq. in. 120,000>-4 
12 | Torsional modulus of rupture, lb. per sq. in. 150,000%'™ 
3 161,000>-<.4 
S| 13 Proportional limit (torsion), lb. per sq. in. 39,000° 
wa 75,000°-* 
105,000°<.-4 
14 | Modulus of rigidity (torsion), lb. per sq. in. | 11,000,000%-* 
a 15 | Ultimate om, lb. per sq. in. 200,000>.i 
$ %| 16 | Rockwell N 22 39 
m= | 17 | Brinell Now °e | 230 360 
»| 18 | Bending endurance limit, lb. per sq. in. 54,0002. 
I (20,000,000 cycles) 70,000>-4 
3 96,000 
cS 19 | Torsional endurance limit, lb. per sq. in. 58,000 
(20,000,000 cycles) 
20 | Specific weight, lb. per cu. in. 0.28 0.28 











@ Based on relatively few tests. 
> Single test values. 


¢ Wright Field data; 1600°F. solution-annealed and 44 hr. at 900° to 925°F. aging cycle. 


4 Prestressed to 104,000 lb. per sq. inch. 


¢ Wright Field data. Unpolished sheets, longitudinal and transverse. Solution-annealed at ros5o°F., 


2 he. at 925°F. (see p 


22). 
4 Wright Field Pay Polished sheets longitudinal. Solution-annealed at 1950°F.; 


Pp. 21). 


aged 


- aged 2 hr. at 925°F. (see 


¢ Wright Field data. Bars. Solution-annealed at 1950°F.; aged 2 hr. at 925°F. (see page 22) 


4 Unpublished data from Fleetwings, Inc. So 
i Unpublished data from Fleetwings, Inc. Inter 


lution- annealed 1600° P.; aged 44 hr. at 900°F. 
lated to D/t S 5 


* Unpublished data from Fleetwings, Inc. Solution-annealed 1600° F.; aged 1 hr. at 920°F. 


™ Unpublished data from Fleetwings, Inc.: 
aged 1 hr. at 920°F.; and Wright Fiel 
1¢ hr. at 900° to 925 °F, 

*® Unpublished data from Fleetwings, Inc.: 


150,000 lb. per sq. in. on material solution-annealed at 1600°F.; 
:'1§6,000 lb. per sq. in. on material solution-annealed at 1600° and aged 


11,000,000 lb. per sq. in. on material solution-annealed at 1600°F.; 


aged 44 hr. at 9g00°F.; and Wright Field: 11,300,000 on material solution-annealed at 1600°F.; aged }¢ hr. at 
900° to 925°F. and 11,500,000 on similar material prestressed to 104,000 Ib. per sq. inch. 


ing, wherein high strength can be obtained 
with a minimum of cold-work and a mini- 
mum sacrifice of ductility resulting from 
cold-work. The properties of cold-worked 
18-8 have their advantages and dis- 
advantages in the field of structural 
applications, particularly in the aircraft and 
rail-car industries, and have been discussed 
at great length in the literature.**.**-* 


mation, and the subsequent process of 


precipitation-hardening. This new age- 


hardenable stainless steel is not intended 
for the applications for which the soft 
ductile austenitic 18-8 types are so well 
suited, but was developed to make the 
high-strength properties of cold-worked 
18-8 available in all wrought and cast 
forms, irrespective of size and shape. 
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Since this steel in the annealed condition 
is essentially ferritic (martensitic), the 
normal mechanical properties (Table 4) 
are similar to those of 18-8 in the 14 hard 
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The mechanical properties, as discussed 
under Heat-treatment, are largely a func- 
tion of the time and temperature of the 
solution annealing and the ener 
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Fic. 16.—STRESS-STRAIN CURVES IN TENSION AND COMPRESSION. 
Curves 1 and 2 show compression values; 3 and 4, tension values. All material solution- 


annealed at 1600°F., 


and 44 hard tempers (Table s) 
Uhlig’s** ferritic 18-8, which are 


and of 
as follows: 








Yield 
——- Tensile Elonga- Reduc- | 1, 7 . 
Cent Strength, tion, tion of |* Br = 
Ofiset SS per | Per Cent Area . < ell 
Lb : . In. in 2In. | Per Cer 
Sq. In. ete Ss, os Sok, 
84,000 113,000 Ty ae 65 246% 





* Converts to Rockwell C-24 


and aged 44 hr. at gs50°F. 0.030-gauge material was used. 


hardening treatment and can be selectively 
varied over a considerable range. Typical 
conservative ranges of room-temperature 
tensile and hardness properties representa- 
tive of several commercial heats, made in 
electric-arc furnaces of both 7 and 35 tons 
capacities, for certain selected heat-treat- 
ments are shown in Table 4. 
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In the aged condition, as shown by Table 
4, the properties of this steel can be selected 
to match those of 18-8 in the 14, 34 and full 
hard tempers; of Army-Navy Aeronautical 


verse specimens. Design must be based 
upon the lowest value, of course. In this 
material, as shown in Fig. 16, little differ- 
ence of offset yield strength is encountered 























































































































Fic. 17.—TYPICAL STRESS-STRAIN CURVES, AGED AND UNAGED CONDITIONS. 
Tested transverse to direction of rolling. Actual stress-strain curves made on 0.065 gauge sheet. 


Specification AN-QQ-S-772a (Sept. 8, 
1943), on the basis of either yield strength 
or tensile strength, except that lower 
elongations prevail for the age-hardened 
18-8 in the thinner gauges. 

One of the most interesting character- 
istics of this steel, as shown by Fig. 16, 
is its uniformity of elastic values in ten- 
sion* and compression, both transversely 
and longitudinally to the direction of 
rolling. This constitutes considerable im- 
provement over the widely used cold- 
worked 18-8 stainless steels, which, as 
reported by Franks and Binder,** and 
Aitcheson, Ramberg, Tuckerman and 
Whittemore,‘*’ have considerable spread in 
yield strength, particularly in compression, 
as determined on longitudinal and trans- 


* Tensile tests were made on a Baldwin- 
Southwark hydraulic testing machine of 
60,000 lb. capacity, using a Templin auto- 
graphic stress-strain recorder and Templin 
grips. Tensile- specimens were prepared in 
accordance with A.S.T.M. Standard E8-42. 
Compression tests were made using the cylinder 
test method described by Franks and Binder.*® 
A photograph of a few actual autographi¢ 
recordings is shown in Fig. 17. 


between the longitudinal and transverse 
tests made in either tension or compression. 

A variation of proportional limit values 
is noticed in Figs. 16 and 17. This variation 
is attributed to the difference of solution 
annealing temperatures used. The material 
illustrated by Fig. 16 was solution-an- 
nealed at 1600°F. (870°C.), while the 
material represented by Fig. 17 was 
solution-annealed at 1950°F. (1065°C). 

Based upon a large number of tests, 
the modulus of elasticity, irrespective of 
heat-treatment, has been found to be 
about 28 million pounds per square inch. 
This uniformity of modulus is not sur- 
prising, since the high strength is obtained 
by heat-treatment and not by cold-work. 
According to Franks and Binder,®* the 
lowering of the modulus of the cold- 
worked 18-8 is attributed to a state of 
internal stress. 

Additional mechanical properties are 
shown in Table 7, for comparison with 
those of annealed and cold-worked 18-8 
as given in the Government Bulletin 
ANC-s.*4 
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Impact Strength 


The Izod impact strength of the age- 
hardenable 18-8 in the unaged condition 
is approximately 40 to 60 ft-lb., regardless 
of the solution annealing temperature. 
Upon aging, however, the solution anneal 
prior to aging will have a bearing upon the 
resultant impact strength (Fig. 8). The 
lower the solution annealing temperature 
used prior to aging, the higher the impact 
strength of the aged material. Also, 
as discussed under Heat-treatment, faster 
cooling rates from the aging temperature 
improve the impact strengths by as much 
as 40 to so per cent (Fig. 8). 


Fatigue Tests 

Fatigue tests were made on R. R. Moore 
rotating-beam testing machines at 1750 
and 3500 r.p.m. on notched and un- 
notched specimens of Stainless. W, as 
solution-annealed at 1600°F. (870°C.) 
and aged 4% hr. at 1000°F. (540°C.). 
Blanks from forged 34 by 34-in. bar stock 
were solution-annealed 1% hr. at 1600°F. 
(870°C.), air cooled. Unnotched specimens 
were machined oversize; notched specimens 
were machined to size except for taper 
ends. Heat-treatment was then completed 
by aging for 44 hr. at 1000°F. (540°C.) 
and air cooling. Specimens were then 
ground to final size. The circumferentially 
notched specimens had a straight cylindri- 
cal section 0.270 in. in diameter with a 
60° (included angle) notch of o.o10 in. 
radius at its base and 0.220 in. in diameter. 
The unnotched specimens had a reduced 
diameter of 0.220 in. and were machine 
polished to obtain a surface satisfactorily 
free from pits and circumferential scratches 
when examined at a magnification of 30 
diameters. 

Tests on specimens that did not fail 
were stopped after 40 X 10° reversals. 
For the unnotched condition the data 
show some scatter, as indicated by the 
band in Fig. 18, the upper limit of which 


is drawn to approach 95,000 lb. per sq. in., 
while the lower limit approaches 85,000 lb. 
per sq. in. For the notched condition, the 
endurance limit is shown as 37,000 lb. 
per sq. in., which is in agreement with 
values of 40,000 to.50,000 obtained by 
U. S. Army Air Forces, Materiel Center, 
Wright Field, Dayton, Ohio,** on speci- 
mens variously heat-treated. The endur- 
ance ratio for the unnotched condition is 
therefore approximately 0.46, based on a 
tensile strength of 195,000 lb. per sq. in., 
and approximately o.20 for the notched 
condition. Results of other tests, some of 
which were made at Wright Field,** 
indicate the unnotched value to be, con- 
servatively, about 96,000 lb. per sq. in. 
The approximate 60 per cent reduction 
in endurance limit resulting from notching 
indicates a higher degree of notch sen- 
sitivity than is characteristic of austenitic 
18-8, but one that is not unexpected for a 
hard ferritic material. Moore and Kom- 
mers®® have found that the endurance 
limit (49,000 lb. per sq. in.) of a 0.50 per 
cent carbon steel heat-treated to a “sor- 
bitic’’ condition was reduced about 60 per 
cent by a go° V-notch. 

Sheet fatigue tests were conducted at 
Wright Field** on Krouse sheet fatigue- 
testing machines rated at 1750 r.p.m. 
Specimens were tested with principal axis 
parallel to, and transverse to, the direction 
of rolling, with the surface finish as received 
from the mill, which was somewhat inferior 
to the commercial No. 1 sheet finish. The 
surfaces of three of the specimens cut 
longitudinally from a 0.0o50-in. sheet were 
ground and polished with Nos. 1, o and o00 
emery paper, to determine the effect of 
surface condition upon the fatigue strength. 
Results are given in Table 6, and show 
that the fatigue strength of thin sheets is 
influenced to a considerable degree by 
surface finish. Brick and Phillips®! have 
previously reported similar findings relative 
to influence of surface condition on sheet 
fatigue strength of various 18-8 steels. 
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Fatigue tests in torsional shear were 
also made at Wright Field** on an H. F. 
Moore fatigue-testing machine operating 
at a speed of 1500 r.p.m. using a specimen 
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zero stress as a reference. The specimens 
were machined from a forged bar 1-in. 
square [which had been previously solu- 
tion-annealed at 1950°F. (1065°C.) and 
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with a 0.30-in. gauge diameter. The stress 
was alternated between maximum values 
of equal magnitude and opposite sign, with 


WUMBER OF CYCLES 
Fic. 18.—NOTCHED AND UNNOTCHED FATIGUE STRENGTH OF AGED MATERIAL. 
Solution-annealed at 1600°F. (870°C.) and aged 1% hr. at 1o00°F. (540°C. 
aged at 925°F. (495°C.) for 2 hr.] and 
polished. Fatigue limit at 20 X 10° cycles 
was found to be 58,000 Ib. per sq. inch. 


TABLE 6.—Fatigue Tests on Sheet Material 














Schutt Aging sesioetsa <y o Lb. per 
* tion : q. In. 
Thick- . a Aamaelion Tensile - Salk Ratio 
ness of | Direction Tempera- Strength, : Fatigue Limit 
ot. to Rolling ture, bie gue Time = om As C yon a Tensile Strength 
n. ure, : . In. See asf an . 
Deg. F. Deg. F. Hr. q Received | Polished | 
eel Sones ohio 44 
0.018 Long. 1950 925 2 183,500 56,000 | 0.306 
0.018 Trans. 1950 925 2 168,600 54,000 | 0.320 
0.018 Long 1600 925 2 168,400 50,000 | 0.297 
0.050 Long 1950 925 2 196,500 $4,000 | 0.275 
0.050 Trans. 1950 925 2 201,000 54,000 0.269 
0.050 Long. 1950 925 2 | 70,000 | 0.348 
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PROPERTIES AT ELEVATED TEMPERATURE hardening process is maintained and may 
At elevated temperature (above 800°F., __ be utilized. 

or 425°C.), the strength of the age-harden- Some comparative properties at elevated 

able 18-8 is about the same as that of temperatures are shown in Fig. 19. The 
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Fic. 19.—EFFECT OF TEMPERATURE ON TENSILE, YIELD, RELAXATION, RUPTURE, AND CREEP 
STRENGTH. 
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annealed ordinary 18-8. However, at specimens of this material were solution- 
moderate temperatures, the strength im- annealed at 1650°F. (895°C.) for 40 min. 
parted to Stainless W by the precipitation- _in the form of forged bars 1 in. in diameter. 
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The specimens were then machined and 
the heat-treatment was completed by 
aging for one hour at r1oo0°F. (540°C.), 
followed by air cooling. The results of the 
tests are described in the following 
paragraphs. 


TABLE 7.—Results of Tensile Tests at 
Elevated Temperature 








‘ Yield . 
trengt T : 
ensile 
Temper- (Stress Strength,| Elonga- Reduc- 
for 0.2 : tion of 
ature, 100 Lb. tion, 
Deg. F Per Cent per Per Cent Area, 

*“* | Offset), ge Per Cent 

1000 Lb. 1 iis one 
per Sq. In. 

80 187 192 22.§ $3.5 
600 156 162 12 51.5 
800 135 145.5 13.5 53 

1000 54 94.1 22.5 75 
1200 24 41 40 88 

















Short-time Tensile Tests 


The results of the tensile tests are given 
in Table 7, and plotted in Fig. 19, together 
with comparable data on cold-worked** 
and on annealed** 18-8. It should be noted 
that the tests of the cold-worked 18-8 
were made on sheet material. It is shown 
that this age-hardened 18-8 is stronger 
than 18-8 cold-worked to about the same 
hardness (390 V.P.N.) up to about 800°F. 
(425°C.). Above this temperature, the age- 
hardened material is somewhat weaker 
than cold-worked 18-8, and approaches 
the tensile strength of annealed 18-8 
at about 1200°F. (650°C.). 

At all temperatures investigated, the 
elongation of the age-hardened material 
is higher than that of 18-8 cold-worked® 
to the same hardness, and even exceeds 
that of annealed 18-85% above 1150°F. 
(620°C.). The reduction of area is less 
than that of annealed 18-8 up to 950°F. 
(510°C.), but then becomes greater. 


Stress-rupture Tests at 1000° and 1200°F. 
(540° and 650°C.) 


The results of the stress-rupture tests 
are tabulated in Table 8, which shows 


TABLE 8.—Siress for Rupture in 100 Hours 
at 1000° and 1200°F. (540° and 650°C.) 


STRESS FOR RUPTURE IN 
TEMPERATURE, roo Hr., 1000 LB. PER 
Dec. F. Sa. IN. 
1000 31.5 
1200 12.5 
1200 18.0 (Annealed 18-8) 5 


that, at 1200°F. (650°C.), the rupture 
strength of the age-hardened material 
is less than that of annealed 18-8.%* 


** Relaxation”’ Tests 


In order to determine, quickly and simply, 
whether or not creep would occur at 600°F. 
(315°C.), modified relaxation tests were 
carried out at this temperature. The 
tests were made in a modified gear-driven 
tensile-testing machine, described in a 
paper by Miller, Smith and Kehl.*® In 
this test, the specimen was loaded at a 
head speed of about 0.21 in. per hour up 
to the yield strength (the stress indicated 
by the short-time tensile test as necessary 
to produce o.2 per cent offset). The loading 
mechanism was then shut off, leaving the 
specimen firmly locked in the strained 
position, but free to creep and thus reduce 
the stress (relax). The stress was measured 
periodically by means of an Olsen strain 
gauge attached to a weigh bar in series 
with the specimen. 

At room temperature, a slight amount of 
relaxation occurred immediately after 
the loading mechanism was shut off (the 
stress decreased from 187,000 to 180,000 |b. 
per sq. in., about 4 per cent), but no further 
change of shape occurred during the en- 


. suing 120 hr., after which the test was 


discontinued. It was thought that the ap- 
parent relaxation at room temperature 
may have been due to lost motion in the 
apparatus before the position of the 
specimen became locked; there was no 
progressive change of shape of the speci- 
men, indicating the absence of creep at 
room temperature. 

At 600°F. (315°C.), however, definite 
indications of creep were evident. The 
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specimen was stressed to 156,000 Ib. per 
sq. in., and sufficient creep occurred in 
200 hr. to reduce the stress to 136,000 lb. 
per sq. in. (about 13 per cent). No further 
extension was found to occur, although the 
test was continued to 330 hours. 

At 800°F. (425°C.), considerable creep 
occurred, resulting in a decrease of the 
applied stress from 135,000 to 54,000 lb. 
per sq. in. (about 60 per cent) in 280 hr. 
No further decrease of stress occurred in 
the ensuing 70 hr., and the test was dis- 
continued. The “relaxation” values are 
shown in Fig. 19 for comparison with the 
results of the short-time tensile tests. 


Creep Tests at 600° and 800°F. (315° and 
405°C.) 
Since the “relaxation” test indicated 


that there is no appreciable creep at room 
temperature, the short-time tensile proper- 
ties are adequate for design purposes at 
this temperature. At 600° 800°F. 
(315° and 425°C.), however, creep does 
occur, and it was felt desirable to determine 
the effect of stress on the time to reach 
0.2 per cent permanent deformation. This 
was done by running a series of creep tests 
at each temperature. 

In soo hr., 0.2 per cent 
deformation is produced 
per sq. in. at 600°F. (315°C.) and by 
40,000 ft. per sq. in. at 800°F. (425°C.). 
These values are plotted in Fig. 19 for 
comparison with the other high-tempera- 
ture properties. At 800°F. (425°C.), the 
stress for 0.2 per cent permanent deforma- 
tion in 500 hr. is slightly higher than the 
stress for a creep rate of 1 per cent per 
10,000 hr. in annealed 18-8.5* The curve 
for the creep strength of annealed 18-8 
probably gives a fair idea of the creep 
behavior of the new age-hardenable 18-8, 
since at 800°F. (425°C.), the stress for a 
creep rate of 1 per cent for 10,000 hr. 
was found to be about 35,000 lb. per sq. 
in., and about 32,000 lb. per sq. in. for 
annealed 18-8.56 


and 


permanent 
by 125,000 Ib. 
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The results of the short-time and long- 
time tests are given in Table 9. 


TABLE 9.—Summation of Short-time and 
Long-time Strengths at Elevated Temperatures 





| 


| Stress for 





| Stress for 
|0.2 Per Cent 
Since Gann Relaxation | Permanent 
Temperature,| Ten 1 | Value, | Deforma- 
Deg. F. | Ts :), 1000 Lb. | tion in 500 
est), | per Sq. In. | Hr., 1000 
| 1000 Lb. | Lb. per 
| per Sq. In. | Sq. In. 
80 187 180 
600 156 136 125 


800 135 54 40 





It should be noted that Table 9 relates 
to 0.2 per cent permanent deformation 
and, therefore, does not represent the total 
deformation obtained on loading. The total 
deformation would include the elastic 
extension as well as the plastic or per- 
manent deformation, and the elastic 
extension itself may exceed 0.2 per cent. 
The amount of elastic extension depends 
on the stress, and on the modulus of 
elasticity at the temperature in question; 
the moduli were determined to be approxi- 
mately as shown in Table ro. 


TABLE 10.—Tensile Modulus of Elasticity 


at Elevated Temperature 
TEMPERATURE, Mopvu.us OF ELASTICITY, 


Dec. F. 1,000,000 Ls. PER Sq. IN. 
80 29 
400 29 
800 27 
1000 20 
1200 14 


No creep tests were made at 1000°F. 
(540°C.), or at higher temperatures, since 


overaging occurs in 16 hr. at 1000°F. 
(540°C.). 
CORROSION RESISTANCE 
The new age-hardenable 18-8 was 


developed primarily as a high-strength 
stainless steel for structural purposes. 
Early tests for evaluating its corrosion 
resistance were conducted with that field 
of application in mind. They consisted 
of intergranular embrittlement, accelerated 
salt-spray tests, and also some field tests; 
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immersion in the sea, exposure to atmos- 
pheres selected and classified as industrial, 
semirural and sea-coast. 


Intergranular Embrittlement Tests 


A number of tests were made on speci- 
mens in the solution-annealed and in the 
aged conditions, with and without the 
addition of a heat-treatment of 2 hr. at a 
temperature of 1200° to 1250°F. (650° to 
680°C.) for inducing sensitization. The 
specimens were then immersed for a period 
of 100 hr. in a boiling solution of copper 
sulphate and sulphuric acid (modified 
Strauss solution containing 13 grams 
CuSO,.5H20, 47 ml. H2SO, of 1.83 sp. gr., 
balance HO to make 1 liter).5? Results, 
evaluated by bend tests and microscopic 
examination, showed that the steel was not 
susceptible to intergranular corrosion. 


Salt-spray Tests 


Stainless W, in both the _ solution- 
annealed and in the aged and acid-pickled 
conditions, the material resists the salt- 
spray test about as well as standard 18-8. 
The too-hr. salt-spray test conducted in 
accordance with the Army-Navy Aero- 
nautical Specification AN-QQ-S-91 was 
satisfactory; and in fact, tests conducted 
by the Army Air Corps at Wright Field, 
Dayton, Ohio, on aged and acid-pickled 
material showed no pitting after more than 
1000 hours. 


Sea-water Immersion Tests 


Over the span of three years, several 
series of specimens in various conditions of 
heat-treatment, along with control speci- 
mens of full hard 18-8 with cold-rolled 
finish, annealed 18-8 and 18-8 Ti in No. 
2-D finish, were totally immersed for a 
period of one year each in sea water at the 
cooperative test site* at Kure Beach, 
Wilmington, N. C. LaQue®® has described 

* Carnegie-Illinois Steel Corporation, Inter- 


national Nickel Company, and Dow Chemical 
Company. 


in detail the test conditions at the site, 
while Larrabee®® cites corrosion losses and 
pitting characteristics obtained on }4-in. 
thick specimens of stainless steels of types 
similar to some of those mentioned above. 
No appreciable difference in corrosive 
attack was observable between the an- 
nealed 18-8 and 18-8 Ti controls, and the 
age-hardenable 18-8 in either the solution- 
annealed or aged condition. Aged specimens 
that were exposed without removal of 
the aging-temperature heat tint, developed 
a greater number of pits, which were 
shallower as compared with duplicate 
specimens from which the heat tint had 
been removed by acid pickling. It is 
interesting to note in Fig. 20 that the 
corrosion attack is generally dispersed, 
whereas 18-8 is attached preferentially 
with respect to rolling direction. The 
specimens shown in Fig. 20 were approxi- 
mately 0.050 in. thick. 


Atmospheric Corrosion Tests 


A number of corrosion panels representa- 
tive of various heat-treatments have been 
exposed to the atmosphere at the following 
test sites: 


ATMOSPHERE Test SITE 

Marine Kure Beach, Wilmington, N. C. 
Semi-rural South Bend, Pennsylvania 
Industrial Kearny, New Jersey 


Periods of exposure extend to 314 years 
and the tests are being continued. Results 
based upon visual examination show that 
the corrosion resistance of the new age- 
hardenable material is approximately that 
of 18-8. Precipitation-hardening of this 
new material does not impair its corrosion 
resistance. 

However, in view of the increasing 
number of applications requiring materials 
possessing high strength and hardness, 
together with high corrosion resistance, 
and because of the favorable results of the 
early tests, additional laboratory and 
service tests are contemplated. Results 
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of some of the more recent laboratory 
tests are as follows: 


Standard Boiling Nitric Acid Test 


Results obtained by this test® are shown 
in Table 11. Maximum corrosion rates of 
various grades of 18 per cent Cr, 8 per cent 
Ni and 17 Cr, allowable by some specifica- 
tions, are given for comparison. It is 
evident that in this severe test the cor- 
rosion resistance in the solution-annealed 
condition is inferior to that of the other 
types of stainless steels and is considerably 
inferior after precipitation-hardening at 
950°F. 


TABLE 11.—Resulis of Standard Boiling 
Nitric Acid Test 


Rates in Inches Penetration per Month 





Ist 2nd 3rd 
Material “Period | Period Period 
of 48 Hr.jof 48 Hr.} of 48 Hr. 





Stainless W type 
322: 
Solution-an- 
nealed........ 0.0038 | 0.0067 0.0086 
Aged at 950°F..| 0.0182 | 0.0305 | Discontinued 
18-8 type 304 an- 











GARNNE ics aca 0.0015% | 0.00154 0.00152 
18-8 Ti type 321 

annealed....... .| 0.00154 | 0.00154 0.00154 
17 Cr type 430 an- 

| Rr 0.0060° | 0.0060° 0.0060° 





* Maximum allowable rate for any one period. 
’ Maximum mean value for five periods. 


A limited amount of preliminary data 
obtained thus far from service tests, 
particularly those associated with valve 
parts operating in hydrogen sulphide gas, 
sulphur dioxide gas, and hot milk, indicate 
corrosion resistance equivalent to the 18-8 
types of stainless steels. 


WELDABILITY 


The spot-welding characteristics of the 
new steel are approximately those of 18-8, 
which are known to be excellent. 

Since the properties of this new material 
are a function of the chemical composition 
and heat-treatment, the properties of 
welded joints will also depend upon these 


variables. The problem of depositing weld 
metal of chemical composition similar to 
that of parent metal, particularly with 
respect to titanium, was solved by the 
development of a suitable flux coating for 
core wire of the age-hardenable parent- 
metal composition. The special electrodes 
were subjected to a number of welding 
tests, results of which are given in Fig. 21, 
and show that: 

1. The as-welded strength of joints in 
solution-annealed sheets and plates is 
about the same as that of the unwelded 
material; i.e., 100 per cent efficiency. 

2. The as-welded strength of the joints 
in aged sheets and plates is about 70 to 
80 per cent of that of the unwelded 
material. 

3. The strength of joints given post 
heat-treatment of aging only, was erratic, 
particularly on specimens on which the 
weld beads were not ground flush, and 
varied from the strength value of solution- 
annealed material to that of fully aged 
material. 

4. Solution annealing and aging after 
welding produced strengths across the weld- 
ed joints exceeding 90 per cent of the 
strength of fully aged parent metal. The 
hardness values shown in columns 8 and 
10 of Fig. 21 show that the heat resulting 
from the deposition of the second bead 
has an effect on the aging response of the 
first bead. 

In general, the results are very favorable 
and show that Stainless W can be readily 
joined by the process of metal arc welding 
and high joint efficiencies obtained, par- 
ticularly when solution annealing followed 
by aging is employed as a post-welding 
heat-treatment. The need for further 
investigation of the aging characteristics 
of single and multipass welds is indicated, 
and work in this direction is in progress. 

Welding by means of the atomic hydro- 
gen and heli-arc methods is now being 
investigated, and preliminary results have 
been successful. The new material lends 
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Fic. 21.—RESULTS OF TESTS OF ARC-WELDED NEW AGE-HARDENABLE 18-8 STEEL. 


treated in all wrought and cast forms to 
give a range of mechanical properties 
similar to that of the cold-worked austenitic 
18-8 steels. The variation of mechanical 


itself more readily to atomic hydrogen 
welding than does 18-8 Ti, type 321. 


SUMMARY 


The new age-hardenable 18-8 is a pre- 
cipitation-hardening ferritic stainless steel 
of the 18 Cr, 8 Ni type, which can be heat- 


properties is brought about by varying 
either the solution annealing temperature 
or the aging temperature and time, or both, 
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The mechanism of the precipitation- 
hardening reaction involves heating the 
material to dissolve the hardening con- 
stituents in austenite and air cooling to 
effect a transformation to ferrite, in which 
the hardening constituents are less soluble 
than in the austenite. The ferrite is then 
supersaturated and, on reheating to a 
moderately elevated temperature, the 
conventional process of precipitating-hard- 
ening occurs. Titanium is the primary 
element involved in the precipitation- 
hardening reaction. 

Since this material is ferritic (magnetic) 
some of its physical properties correspond 
more closely to those of 17 Cr. than to 
those of austenitic 18-8. 

The strength of the new material at 
elevated temperatures (above 600° to 
800°F. or 315° to 430°C.) is about the 
same as that of annealed 18-8. Below this 
temperature range, the strength is equiva- 
lent to that of 18-8 cold-worked to the full- 
hard condition. 

The corrosion resistance of Stainless W 
is equivalent to that of the 18-8 grades of 
stainless steel in mild corrosive media. 

Stainless W is readily weldable by any 
of the methods customarily used for 
stainless steels. 
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DISCUSSION 


(J. H. Hollomon presiding) 


F. M. WatTERS, Jr.*—The authors are to be 
congratulated on carrying through to a suc- 
cessful conclusion this rather difficult work. 

I should like to ask them, first, their opinion 
as to the precipitating phase and, second, do 
they have observations on the low-temperature 
impact of the precipitation-hardening material 
as quenched and as slowly cooled after the pre- 
cipitation treatment? 


R. Suita, E. H. Wycue and W. W. Gore 
(authors’ reply).—-With regard to the impact 
strength at subzero temperatures, the impact 
resistance is relatively unchanged (on tests 


° Sone Naval Research Laboratory, 
Washington, D 
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TABLE 12.—Tests on All-weld-metal Specimens 





Yield Strength, Lb. 
per Sq. In. 








: Elonga-| Reduc- 
Pane | tion _ tion 
Heat Treatment¢ Test | Lb. 8 in 2 In.,| in Area, 
0.1 Per | 0.2 Per Sq. = Per Per 
Cent Cent syst Cent Cent 
Offset Offset 
IS WHE oS OPER IR eee Transverse 


BA ina ic Sark hase kde ad oobi MORE Transverse 


Solution-annealed and aged.......... Transverse 





All-weld-metal® 
All-weldemetal? 
All-weld-metal® 


133,400° 


60,000 66,750 120,500 24.0 46.0 
157,0004 

69,250 77,500 130,900 17.3 23.0 
182,000° 

104,300 127,000 163,000 13.8 22.0 
































* Heat-treatments for all-weld-metal specimens: 

Aged at 1000°F. 1 hour, air cooled. 

Solution anneal, 1600°F. 1 hour, air cooled, and aged. 

1000°F. 1 hour, air cooled. 

> Average of two “‘505"’ specimens. 
¢ Average of eight specimens in columns 1, 4, 6, and 9, Fig. 21. 
4 Average of eight specimens in columns 3, 5, 8, and ro, Fig. aI. 
¢ Average of four specimens in columns 2 and 7, Fig. 21. 


made at —110°F. after holding for too hr. 
at temperature), when the aging treatment 
follows solution annealing at 1300°F.; but 
when the aging treatment follows a high 
temperature 1600° to 1950°F. solution anneal 
the impact strength is reduced to about 40 per 
cent. These observations were made on 
quenched material. No low-temperature tests 
have been made on material slow-cooled from 
the precipitation treatment. However, the 
effect of cooling rate from the aging tempera- 
ture (aged in molten salt) on impact resistance 
at room temperature is illustrated by Fig. 8 
in the paper. 


F. M. WALTERS, Jr.—I should like to re- 
inforce what the speaker said about the im- 
portance of the lack of effect of the rate of 
cooling on the material from the solution tem- 
perature. This is an extremely important 
factor. 


R. D. Tuomas, Jr.*—The technical litera- 
ture is filled with newly proposed alloys, but 
it is rare that the initial presentation covers so 
many of the important engineering considera- 
tions as this paper does. It is even rarer that 
the property of weldability is even considered 
when the new alloy is in the research stage. 
Usually the welding problems are left to the 
poor welding engineer after the steel has been 
shipped to the plant for fabrication. This paper 


* Vice President and Director of Research 
and Engineering, Arcos Corporation, Phila- 
delphia, Pennsylvania. 


is gratifying evidence that steel metallurgists 
are awakening to the fact that steel and other 
alloys are sometimes welded. 

We are especially pleased that the authors 
approached us several years ago to assist in 
the welding problems connected with this new 
steel. The development of arc-welding elec- 
trodes that would deposit weld metal of the 
same composition as the Stainless W plates 
and sheet relied entirely on a method for 
introducing titanium and aluminum into the 
weld metal. This was a major problem, which 
required considerably more research than 
would be required by the more common 
stainless electrodes. 

Among welding metallurgists it has been 
generally conceded that titanium and alumi- 
num, whether in the core wire or in the flux 
covering, are almost completely oxidized in the 
welding arc; recoveries of these elements have 
never exceeded 10 per cent. However, by a 
special deoxidizing practice* making use of a 
powdered titanium-aluminum alloy in the elec- 
trode covering, recoveries as high as 60 per 
cent of the titanium added have been obtained. 

In the course of our investigation to produce 
a weld metal that will precipitation-harden to 
give high-strength stainless welds, several all- 
weld-metal tensile specimens were produced, 
using the same lot of electrodes the authors 
used for their transverse specimens. Somewhat 
lower strengths were obtained in the all-weld- 
metal tests, as shown in Table 12. 


* Patent applied for. 
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The all-weld-metal tests indicate the strength 
that may be obtained in heavy multipass welds. 
The authors quite justifiably point out the need 
for further investigation of the aging character- 
istics of weld metal. Some of the problems re- 
quiring additional work are the investigation 
of: (1) the composition balance for weld metal. 
particularly with respect to titanium content; 
(2) the uniformity of microstructure and of 
composition of the weld metal within each 
bead; (3) the heat-treatment required to 
achieve the best properties in the weld metal 


R,. Smitu, E. H. Wycue and W. W. Gorr.— 
Early in the work on this new steel the authors 
realized that weldability would be a pertinent 
problem in many applications and therefore 
proceeded to investigate the weldability. 
Mr. Thomas’ comments dealing with future 
work are well taken and work is proceeding 
along these lines. The authors are grateful 
for the cooperation given by Mr. Thomas and 
wish to congratulate him on his work of 
improving the titanium recovery of the arc- 
welding electrode. 








Constitution of Commercial Low-carbon [ron-silicon Alloys 


By R. L. Rickett,* MEMBER AND N. C. Fick,* JUNIOR MEMBER A.I.M.E. 


(Chicago Meeting, February 1946) 


| DeEsPITE the large volume of literature pickled to remove the outer surface and 

on alloys of iron and silicon,! there is little leave only the center third of the gauge 

published information dealing specifically thickness—the portion of the sample on 

with the constitution, at various tempera- which metallographic ratings were based. 

tures, of the alloys containing less than In most, but not all, of the alloys, slightly 

0.10 per cent carbon and from o.5 to higher carbon was found at the center than 

4.5 per cent silicon that are used exten- when the whole strip was sampled; the two 

sively in the electrical industry. Because methods of sampling show relatively 

such information was needed by those _ little difference in silicon. Two of the steels, 

' engaged in the production of these alloys A and E, contain relatively high phos- 

in sheet and strip form, the constitution phorus, while I and K are somewhat higher 
was determined of a series of commercial in manganese than the others. 

silicon steels containing 0.05 to 0.08 per 


ae TABLE 1.—Composition of Materials Used 
cent carbon and 0.20 to 4.1 per cent silicon, p f ‘ 





eee 
: spree ORE 





over the temperature range 1300° to | Center of | Over-all Check Analysis, 
2500°F. These alloys were all from regular Desig- | Sheet er Cent 
a roduction heats and of commercial | nay Were ROTH MORI a 
) : Pe Pas 2 ieee TSS 


quality. The results of the tests are given ae | 
/ in Fig. 1 and for comparison the con- 
L stitution diagram of iron-silicon alloys 
with 0.01 to 0.02 per cent carbon, taken 
from the literature, is also presented. 
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MATERIAL AND PROCEDURE 
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All steels were hot-rolled to a thickness , binary 

j ‘ 7 z @ Portion of sheet used in determination of con- 

tf of 0.060 to 0.080 in. and used in this _ stitution diagram. 

‘ condition. Their chemical compositions, 

At including over-all check analysis, and 

hi “center” analysis for carbon and silicon, 

He are given in Table 1. The so-called center 
analysis was determined on samples 


The procedure consisted essentially of 
heating specimens (about 4, by 3¢ by 
34 in.), protected from oxidation or 
change in carbon content, at a temperature 
in the desired range and for a selected 


period, after which they were quenched in 
Manuscript received at the office of the 





it Institute Aug. 24, 1945. Issued as T.P. 1966 ced brine; the degree of transformation 
44) in METALS TECHNOLOGY, February 1946. that had then occurred was determined 
ib * Research Laboratory, United States Steel b ll hi oe Th k 
si Corporation, Kearny, N. J.; N. C. Fick is now y metallographic examination. Lhe soak- 
b with Battelle Memorial Institute, Columbus, jing periods were selected after preliminary 


Ohio. : aE 
1 References are at the end of the paper. investigation had shown that a con- 
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siderably longer period resulted in no 
observable further change in microstruc- 
ture. The soaking period used and the 
means employed to minimize oxidation or 
change in carbon content are listed in 


Table 2. 


TABLE 2.—Procedure 





Time 
Tempera- at 
ture, | Tem- ; et 
Range, | pera- Protection of Samples 
Deg. F. | ture, 
| Hr. 
1300-1550 2 Immersed in deoxidized lead 
bath 
1600-1800 I Samples copper plated and em- 
bedded in coke dust 
1850-2500 Lo Sealed in evacuated fused silica 
bombs 





Since the diagram is intended to show 
the constituents present during mill proc- 
essing, and heat-treatment of commercial 
silicon steels, no attempt was made to 
ensure the attainment of true equilibrium. 


RESULTS 
Diagram for Iron-silicon Alloys 
Containing 0.05 to 0.08 Per Cent 
Carbon 


The constitution diagram derived as a 
result of this investigation (Fig. 1) shows 
the constituents present when iron-silicon 
alloys of commercial purity containing 
0.05 to 0.08 per cent carbon and up to 
approximately 4.25 per cent silicon are 
held at a temperature in the range 1300° 
to 2700°F. for a substantial period of time, 
as in annealing. The diagram also indicates 
the direction in which changes in the 
constituents may occur on heating or 
cooling, but gives no information as to 
the rate at which such changes proceed. 
The principal features of the diagram 
will now be considered briefly. 

The Ferrite + Carbide + Ausienite Field. 
Ferrite, carbide and austenite may exist 
simultaneously within a narrow tempera- 
ture range. In Fig. 1 circles are used to 
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indicate temperatures at which only 
carbide and ferrite were found, _half- 
shaded circles those at which the three 
phases were found to exist, and solid 
circles those found to be above the three- 
phase region. The width of the three- 
phase band was not determined precisely, 
but appears to be of the order of 10° to 
15°F. The effect of increasing silicon is to 
raise the temperatures bounding this field. 

The Ferrite + Austenite Field.—Above 
this three-phase field is a region in which 
ferrite and austenite coexist. Dotted lines 
denoting approximately 10, 25 and 50 
per cent austenite are shown in this field; 
the significance of these lines is obvious. 
The part of this two-phase field to the 
right of the vertical line corresponding 
to approximately 4.25 per cent silicon 
was not determined because higher silicon 
alloys containing 0.05 to o.08 per cent 
carbon were not available. 

The Delta Field——As temperature in- 
creases, austenite eventually disappears, 
leaving the single delta phase or “‘high- 
temperature ferrite.’’ Because of the high 
temperatures involved, the experimental 
determination of the lower boundary of this 
field is the least satisfactory part of the 
diagram. In Fig. 1, a heavy dashed curve is 
drawn from a value for fairly pure iron- 
carbon alloys, taken from the literature,? 
through the experimentally determined 
points (solid triangles). No carbides were 
found in this region, indicating that delta 
ferrite at these temperatures is capable of 
dissolving at least 0.05 to 0.08 per cent 
carbon. 

The Austenite Field—For all alloys 
within the carbon range under considera- 
tion and containing less than about 2.3 
per cent silicon, there is a temperature 
range within which the structure is entirely 
austenitic. The experimentally determined 
points corresponding to the boundary of 
this field are shown as crosses in Fig. 1; 
the upper limiting value at zero silicon, 
taken from published work on the iron- 
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carbon diagram? corresponds to 0.06 to 
0.07 per cent carbon; the lower value was 
obtained by extrapolation. This extra- 
polated value is slightly lower than that for 


vertical line corresponding to the silicon 
content of the alloy. Fig. 2 illustrates the 
constituents that occur in three representa- 
tive alloys, containing respectively 1.2, 
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PER CENT SILICON 


4 5 


Fic. 1.—CONSTITUTION DIAGRAM OF IRON-SILICON ALLOYS WITH 0.05 TO 0.08 PER CENT CARBON. 


very pure iron-carbon alloys,’ as might be 
expected in commercial plain carbon steels 
containing manganese and small amounts 
of other elements that tend to lower the 
Aes temperature. 

Effect of Temperature on Microstructure. 
The structural constituents of any 0.05 
to 0.08 per cent carbon, iron-silicon alloy 
at temperatures within the range covered 
may be found from Fig. 1 by following a 


2.1 and 2.8 per cent silicon, in the tempera- 
ture range 1300° to 2400°F. In the 1.2 
per cent silicon alloy, austenite first forms 
at about 1370°F., then increases in amount 
as temperature increases up to 1770°F.; 
from 1770° to 2400°F., the structure is 
entirely austenitic. Austenite begins to 
appear in the 2.1 per cent silicon alloy 
at a slightly higher temperature, 1400°F., 
and the structure is completely austenitic 
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in the range 2000° to 2300°F. Above carbide particles, as illustrated in Figs. 36, 
2300°F., ferrite (“delta”) again appears 3c and 3d. Fig. 5 shows the distribution 
and the amount of austenite decreases as of austenite in several representative alloys 
temperature increases. Figs. 3 and 4 when heated to.a temperature at which a 
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TEMPERATURE - °F 
Fic. 2.—PERCENTAGE OF AUSTENITE VS. TEMPERATURE FOR STEELS OF THREE SILICON CONTENTS. 


show the structures observed in this 2.1 per relatively small amount of austenite 
cent silicon alloy after quenching from exists. Heating to still higher temperature 
various temperatures. In the 2.8 per cent tends to bring about a more uniform 
silicon alloy (Fig. 2), austenite first forms distribution of constituents but may not 
at about 1420°F. and increases in amount completely eliminate “banding.” This 
in the range 1420° to 2150°F.;in this alloy banding may be a factor of considerable 
the maximum amount of austenite that practical importance, since the presence 
may exist is some 45 per cent, and as_ of strings or bands of carbide particles 
temperature increases above 2150°F. the or of austenite retards recrystallization and 
amount of austenite decreases until the grain growth of ferrite during annealing. 
alloy is again entirely ferritic (delta), at It should be emphasized, however, that 
approximately 2400°F. banding is not present to nearly the same 
Distribution of Constituents.—In the hot- extent in cold-reduced or in annealed sheet 
rolled condition, nearly all the alloys or strip as in the hot-rolled condition as 
exhibit a nonuniform distribution of illustrated here. 
carbide particles, or of pearlite in some Diagram for Iron-silicon Alloys with 
instances, as shown in Fig. 3a. The first Lower Carbon.—Fig. 6 shows our experi-. 
areas of austenite to form on heating mental diagram for alloys with 0.05 to 
occur in the bands that originally contained 0.08 per cent carbon, and a diagram for 
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Fic. 3.—EFFECT OF TEMPERATURE (1390° TO 1700°F.) ON MICROSTRUCTURE OF A 2.1 PER CENT 
SILICON STEEL (STEEL G). X 1000. 
Any austenite present at the indicated temperature has transformed to martensite on 
quenching. 
1390°F. Ferrite + carbide. 
1400°F. Ferrite + carbide + austenite. 
1410°F. Ferrite + austenite. 
1700°F. Ferrite + austenite. 
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Fic. 4.—EFFECT OF TEMPERATURE (1900° TO 2400°F.) ON MICROSTRUCTURE OF A 2.1 PER CENT 
SILICON STEEL (STEEL G). X 1000. 
Austenite present at the indicated temperature has transformed to martensite on quenching. 
a. 1900°F. Ferrite + austenite. 
b. 2010°-2290°F. Austenite. 
c. 2300°F. Austenite + ferrite (delta). 
d. 2400°F. Austenite + ferrite (delta). 
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Fic. 5.—BANDING IN REPRESENTATIVE COMMERCIAL IRON-SILICON ALLOYS IN HOT-ROLLED CONDI- 


TION. X 100. 


Specimens heated to a suitable temperature to form a small amount of austenite then 
quenched. 


a. Steel A, 0.20 per cent Si. d. 
b. Steel B, 0.58 per cent Si. é. 
c. Steel D, 1.2 per cent Si. £. 


Steel G, 2.1 per cent Si. 
Steel I, 2.8 per cent Si. 
Steel K. 4.1 ver cent Si 
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alloys with 0.01 to 0.02 per cent carbon 
taken from the literature.1 Comparison 
indicates that this increase in carbon 
enlarges the austenite field to only a 
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difficult to estimate. In the present in- 
vestigation, two alloys containing 44 
and 4.8 per cent silicon with 0.02 to 0.03 
per cent carbon were found to be entirely 
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Fic. 6.—CONSTITUTION DIAGRAM OF IRON-SILICON ALLOYS WITH 0.01 TO 0.02 PER CENT AND 0.05 TO 
0.08 PER CENT CARBON. 


moderate extent, but very markedly 
extends the limits of.the two-phase, aus- 
tenite + ferrite, region. For alloys con- 
taining carbon in amount intermediate 
between those to which these diagrams 
apply, a fairly close approximation of the 
austenite-field boundary may be made. 
The other boundary of the two-phase 
region (austenite + ferrite), however, is 


ferritic at all temperatures up to 2400°F.; 
these silicon contents are, therefore, to the 
right of the ferrite + austenite field for 
alloys with 0.02 to 0.03 per cent carbon. 


SUMMARY 


The results on commercial silicon steels 
presented in the foregoing pages may be 
summarized as follows: 
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1. The A; temperature, or lowest tem- 
perature at which any austenite can 
form, increases as silicon increases and as 
carbon decreases. In 0.05 to 0.08 per cent 
carbon alloys, it is approximately 1335°F. 
for o per cent silicon and 1480°F. for 4 per 
cent silicon. 

2. The temperature range within which 
the structure is entirely austenitic becomes 
narrower as silicon increases and as carbon 
decreases; alloys containing 0.05 to 0.08 
per cent carbon are not entirely austenitic 
at any temperature if the silicon content 
is over approximately 2.3 per cent; the 
corresponding limit for 0.01 to 0.02 per 
cent carbon alloys is about 2.2 per cent 
silicon. 

3. Alloys sufficiently high in silicon and 
low in carbon are entirely ferritic at all 
temperatures. In 0.01 to 0.02 per cent 
carbon alloys, no austenite is formed if the 
silicon content is more than approximately 
2.5 per cent; the corresponding limit 
in 0.05 to 0.08 per cent alloys was not 
determined, but is considerably over 4 
per cent silicon. Commercial alloys con- 
taining 0.02 to 0.03 per cent carbon and 
4.4 to 4.8 per cent silicon were found 
to be ferritic at all temperatures. 

4. In alloys that are not ferritic at all 
temperatures, the amount of austenite 
present increases to a maximum and 
then decreases as temperature increases. 
The maximum amount of austenite formed 
may be too per cent or less, depending on 
the composition. In general, this maximum 
decreases as silicon content increases or as 
carbon content decreases. 
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DISCUSSION 
(Howard Scott presiding) 


C. ZENER.*—The writer has recently® out- 
lined a method for computing the constitution 
of ternary and higher order medium alloy 
steels from the empirical data contained in 
the constitution of the binary systems, and 
W. A. West® has successfully applied this 
method to a number of systems. The present 
paper provides an opportunity for testing this 
method once again. 

The equations that determine the alpha- 
gamma equilibrium in the Fe-Si-C system are 


C.“/C.7 3ehG@e/RT [rx] 
Cai*/Cai? = e4@gi/8T [2] 
(C.¥ — C.*) — (Cait — Cai?) = AGy,/RT [3] 


In these equations C refers to atomic concentra- 
tions, AG to standard free-energy changes;* 
suffixes refer to phases; subscripts to elements. 
The standard free-energy change AGr, is given 
as a function of temperature in Table A-1 of 
reference 5, while AG, and AGgi, determined 
from the iron-carbon and iron-silicon systems, 
respectively, are given in Tables 2 and 1 
of this reference as —8100 and 475 cal. 
per mol. ; 

The solution of Eqs. 1 to 3 for the alpha and 


* Professor of Metallurgy, Institute for the 
Study of Metals, The University of Chicago. 

5 C. Zener: Equilibrium Relations in Medium- 
alloy Steels. This volume, page 513. 

6‘ W. A. West: Phase Boundaries in Medium- 
Steels. This volume, page 535. 

*This definition is slightly modified for 
AGe. 








DISCUSSION 


gamma boundaries in the Fe-Si plane may be 
written in the form 
Xgi* 
Xi? 


ll 


{Xgit}o + aXe [4] 
{Xgit}o + b-Xe [s] 
where X refers to concentrations in weight per 
cent, and the first term in the right member of 
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was chosen so as to obtain agreement for the 
binary Fe-Si system. Boundaries are also given 
for a carbon concentration of 0.05 per cent, 
since this is the approximate carbon concentra- 
tion in the lower silicon steels investigated by 
Rickett and Fick, and the alpha boundary is 
given for a carbon concentration of 0.07 per 
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each equation refers to the corresponding 
boundary in the pure Fe-Si system. From the 
free-energy changes given in reference 5, the 
quantities {Xgj%}o, {Ngit}o, a. and b. have 
been computed as a function of temperature, 
and are given in Table 3. 

Several examples are given in Fig 


> 


7 of the 


cent, corresponding to the carbon concentration 
of their higher silicon steels. The gamma 
boundary for the 0.05 per cent carbon steel, 
and the alpha boundary for the 0.07 per cent 
steel, are seen to coincide almost exactly with 
those determined experimentally by Rickett 
and Fick. 


TABLE 3.—Quantities for Computation of Boundaries in Fe-Si-C System 
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boundaries according to Eqs. 4 and 5, and to 
Table 3. The boundaries are given for zero 
carbon concentration. These should agree, of 
course with the corresponding empirical 
boundaries, since the free-energy change Gg; 


The lower portion of the theoretical alpha 
boundary cannot strictly be compared with 
experiment, for below this boundary cementite 
is present. However, the equilibrium relation 
between ferrite and cementite is such (Fig. 11 
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of ref. 7) that with carbon concentrations 
between 0.05 and 0.07 all the cementite would 
go into solution between 700° and 800°C. 
It is to be anticipated therefore that the alpha 
boundary will be essentially unaltered by the 
existence of the cementite phase. 

The close agreement between the computed 
and experimental phase boundaries in the 
Fe-Si-C system is evidence that in this system 
the laws of dilute solution, assumed in the 
theory, are essentially correct. It is anticipated 
that in further determinations of constitutions 
in medium alloy steels experimental work will 
be greatly shortened by appropriate use of the 
method outlined in reference 5 of utilizing past 
experimental observations upon binary systems. 


R. L. Ricxett and N. C. Ficx (authors’ 
reply).—We share Dr. Zener’s gratification 
that it is possible to predict, even approxi- 
mately, some portions of the ternary diagram 
from binary diagrams of the components. We 
cannot agree, however, that the agreement is 
sufficiently good to indicate that the amount 
of experimental work necessary to determine 
a diagram would be materially lessened by use 


7 C. Zener: Kinetics of the Decomposition of 
Austenite. This volume, page 550. 


of his method or that much reliance could be 
placed on a predicted diagram in the absence 
of experimental confirmation. 

In his iron-carbon-silicon diagram, a marked 
difference in the alpha-alpha + gamma (Ae;) 
boundary for 0.05 per cent and for 0.07 per 
cent carbon Fe-Si alloys is shown; whereas we 
found no such difference experimentally. These 
boundaries are drawn by Zener to indicate a 
marked difference in Ae; for zero silicon with 
change in carbon from 0.05 to 0.07 per cent, 
although the usually accepted iron-carbon 
diagram shows no change in Ae; within this 
carbon range. In view of this marked variation 
in the calculated alpha-alpha +- gamma bound- 
ary with change in carbon content, it may be 
something of a coincidence that one of them 
agrees with the experimentally determined 
boundary. Dr. Zener states that at carbon 
concentrations between 0.05 and 0.07 per cent 
all the cementite would go into solution be- 
tween 700° and 800°C. (1290° to 1470°F .); this 
is contrary to our observations on the 0.05 to 
0.08 per cent carbon alloys used in our investi- 
gation, in all of which cementite was observed 
up to the beginning of the alpha-gamma trans- 
formation, yet this may in some instances be 
due to failure to reach equilibrium. 























Effect of Original Orientation on Orientation Changes during 
Recrystallization in Silicon Ferrite 


By C. G. Dunn,* Memper A.I.M.E. 


(Chicago Meeting, February 1946) 


NUCLEI that are formed the 
recrystallization of a grain following 
plastic deformation generally have orienta- 
tions that differ from the original. This 
aspect of recrystallization may be de- 
scribed in terms of orientation changes. 
It was shown previously, in an investiga- 
tion on recrystallization in silicon ferrite,’ 
that the observed orientation changes 
were highly improbable on a chance basis, 
and that some mechanism must be in- 
volved. Analysis showed that the data 
could be satisfactorily classified into the 
smaller of two subclassesf of the 36 third- 
order twin transformations. 

No attempt was made at that time to 
classify the data within the special class 
of 12 third-order twin transformations, 
although results did indicate a greater 
probability for some of them to occur. 
A classification of this type would be more 
valuable, of course, with more data on 
orientation changes per old deformed 
grain. The present work fulfills this con- 
dition to some degree and also extends 
the scope of the investigation to include 
the effects of original orientation and the 
amount of plastic deformation. 

The effect of original orientation is of 


during 


Manuscript received at the office of the 
Institute Nov. 21, 1945. Issued as T.P. 1990 in 
METALS TECHNOLOGY, August 1946. 

* Research Physicist, General Electric Co., 
Pittsfield, Massachusetts. 

tT All third-order twin transformations (36) 
comprise a C class. The two subclasses are Cs 
with 12 members and C4 with 24 members.!.4 

1 References are at the end of the paper. 
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considerable interest because of the known 
effects of orientation on plastic deformation, 
particularly with regard to degree of 
fragmentation and the formation of de- 
formation bands, and because the orienta- 
tions produced by deformation should 
influence the orientations obtained through 
recrystallization. Barrett and Levenson? 
reported that single crystals of iron 
deformed in the range 82 to 97 per cent 
could be put into three general classes; 
namely, crystals in class 1 maintained a 
reasonably sharp single orientation, those 
in class 2 transformed into two distinct 
orientations, and those in class 3 changed 
into a large number of major and minor 
orientations. Something similar would be 
expected for silicon ferrite crystals, and 
verification of this for a few cases of types 
class 1 and class 2 deformation has been 
reported elsewhere* for single crystals of 
silicon ferrite cold-rolled in the range 
10 to 20 per cent. As an example of 
class 2 deformation, it was shown that a 
crystal of silicon ferrite cold-rolled in a 
{110} plane in a <100> direction devel- 
oped two layers, or deformation bands 
differing in orientation. When this happens 
it is possible to etch away one band and 
leave a single structure for use in studying 
the orientation changes that occur during 
recrystallization. 

When preferred crystal orientations are 
obtained ‘in recrystallization, it is not 
particularly necessary to evaluate groups 
of common orientation, as was done 
previously (ref. 1, Table 6); but an 
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evaluation along the lines indicated in the 
Appendix of this paper is very helpful 
in showing how far the results depart 
from those expected with orientation 
changes occurring in a haphazard manner. 


left by the wheel, the narrow surfaces of 
each crystal were first surface-ground 
with grit No. 180, then etched for 3 min. 
in a 4 to 1 aqueous solution of nitric acid, 
while the large flat surfaces were protected 


TABLE 1.—Chemical Compositions 





Specimens 


Composition, Per Cent 
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The present investigation, a sequel to 
that described in the former paper,! is a 
continuation of the work on recrystalliza- 
tion in silicon ferrite extended to include 
five original orientations and higher per- 
centages of cold reduction—351 recrys- 
tallization nuclei are involved. It is the 
purpose of this paper to present the data 
on changes of orientation due to recrys- 
tallization and to discuss them from an 
analytical viewpoint. 


PREPARATION OF SPECIMENS AND 
EXPERIMENTAL PROCEDURE 


Materials used in the present investiga- 
tion were obtained from heats of steel 
made by the Allegheny-Ludlum Steel 
Corporation. Final processing and heat- 
treating were done at the Pittsfield Works’ 
Laboratory of the General Electric Co., 
to give fairly large grains of various 
orientations. Designation of specimens 
and chemical compositions are given in 
Table 1. 

All crystals were as thick as the sheets, 
which were 0.007 in. for the E series, 
0.012 in. for the F series, and 0.014 in. 
for the G and H samples. Sheet specimens 
were deformed on a mill with 8-in. diameter 
rolls. Single-crystal samples were then 
obtained for annealing by either of two 
methods. In one method, an abrasive cut- 
off wheel was used. To remove strains 


with acid-resistant lacquer. In the other 
method, nitric acid alone made the cut, 
acid-resisting lacquer protecting the large 
flat surfaces. 

To designate the original orientations 
and to aid in the analysis of results, it 
will be convenient to employ the term 
“state” as follows: If all cube poles of 
orientations A;, As, A3, etc. lie within 
alpha radians of the cube poles of an 
orientation A, the orientations A, Az, 
A;, and so on fall into a state A of size 
alpha. An orientation is represented in a 
hemisphere or in a stereographic projection 
plot by three points mutually go° apart; 
a state is represented by three circular 
areas each of radius alpha with centers 
mutually go° apart. The location of these 
centers may be used to designate the 
position or orientation of the state. 

Data on the original orientations, on 
the amount of cold-rolling, on lattice 
rotation, and on crystal distortion are 
given in Table 2. The orientation of the 
state into which the original orientation 
of each crystal falls is given in terms of 
two directions; namely, the pole of a 
specified plane (designated by N) normal 
to the plane of rolling and a crystallo- 
graphic direction, which is parallel to the 
rolling direction (R.D.). Departure of the 
corresponding crystallographic directions 
of each crystal from these two directions 
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is given in separate columns in the table. Of the 10 crystals listed in Table 2, 
The size of each state is also given. Axes only crystal Fs5C developed a few ob- 








of rotation and of bending are givenin the servable Neumann bands. In _ general, 


last two columns (C.D. is a direction go° 


the formation of visible Neumann bands 


TABLE 2.—Orientations Prior to Cold-rolling and the Amount of Plastic Deformation 
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_ | Angle of Angle of ‘ 
| Plane | Direction | Reduc- Lattice Laue Spot 
Specimen |. | from N, | from R.D.,| .. tion, Rotation Distortion 
N RD. ae | Deg. | Deg. Per Cent and Axis and Axes 
eg. 
a ee 
E4A (rxx)| [112]| 3 | 236 3 | 19 
2 a1 tale . 6°:C.D. and 
E4C (xxx) | [113] | 1434 13 13 19 6°:C.D. others 
E4Bi (100) | [orr II II 8 19 3-4°:C.D. 5a°2G 0). 
E4B: (100) | {oor | I! II 2 19 3-4°: (N-C.D.) 10°: ? 
G4D (110) | [f10] | 6 3} 5 10 2°:? 8°: R.D. and 
: others 
H4A (110) | [X10] 3 | 246 I 10 6°: R.D. 8°: R.D. and 
others 
zsh oe oor} | 12 10 9 20 
5 (110 oor} | 7 5 644 20 
PSC (zrz0) | foor 7 : 7 3 > 7-10°:C.D. 12-14°:C.D. 
FsD (110) | [oor 0 20 











to both N and R.D.). These axes pertain 
to the major changes only. 

During the cold-rolling operation, it 
was noted that E4B, and E4C reduced in 
thickness with about equal ease, that 
E4B, (part of the same crystal from which 
E4B, was obtained) required more passes 
through the mill, and that E4A was 
relatively difficult to cold-reduce. Al- 
though direct comparison of these crystals 
with the G, H and F crystals was not 
made, it seemed that crystals of the F5 type 
were easiest to cold-reduce and that those 
of the G4 or H4 type were the most difficult. 
Crystals with (110) [110] orientations 
have a tendency to deform laterally (for 
example, a single crystal in the form of a 
rectangle 4¢ in. wide—not represented by 
any of the samples described herein— 
deformed more sideways than it did in the 
direction of rolling under a cold reduction 
of 10 per cent). This tendency for lateral 
extension was held in check as much as 
possible for samples G4D and H4A by 
leaving the crystals in the polycrystalline 
sheet during the deformation process; 
however, some extension sideward was 
unavoidable. 


is accompanied by a noticeable crying or 
tearing sound (this is a _ well-known 
occurrence for twin formation in metals); 
but all samples except Fs5 of the present 
group deformed quietly. 

Following the plastic deformation, single- 
crystal samples were prepared as de- 
scribed previously. Crystals forming the 
Fs5 series, however, were left in the poly- 
crystalline sheet. Laue diffraction patterns 
were taken with tungsten radiation prior 
to annealing. X-ray patterns indicated 
that crystal F5A was composed of a single 
part, whereas crystal F5C was composed 
of two parts, presumably platelike, as 
described elsewhere. The polycrystalline 
sample was then etched to a thickness 
of 0.004 to 0.005 in. from one side only. 
An X-ray re-examination indicated that 
the etching treatment had removed one 
of the doublets in F5C. Laue photographs 
of crystals FsA, FsB, and FsD likewise 
showed single lattice structures, each 
highly strained. Crystals E4C, E4A, 
E4B,, E4Be2, and G4D were annealed 4 hr. 
at 1175°C. in pure, dry hydrogen. Complete 
recrystallization occurred in all. The 
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grains in E4A were too small to X-ray 
conveniently; so this sample was dis- 
carded. The other samples were satis- 
factory. Crystal H4A was divided into 
several parts and these samples were 





enough nuclei for the present investigation. 
Seventy-eight nuclei were selected from 
grains A, B, C, and D as follows: 34 from 
grain A, 15 from grain B, 17 from grain C, 
and 12 from grain D. 


os? 
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Fic. 1.—STEREOGRAPHIC PROJECTION PLOT OF CUBE POLES OF GRAIN E4C (at position S) AND 
THE 90 NEW GRAINS OBTAINED BY RECRYSTALLIZATION. 
The four highly populated states are each 74° in size. 


annealed for various periods of time at 
750°C. Two parts annealed for 30 and 
go min., respectively, produced a total of 
41 nuclei in a matrix that had recrystallized 
to the extent of 30 to 70 per cent. Grains 
Nos. 29 and 30 (two parts) formed a 
combination with serrated boundaries 
that suggested a twinned structure. The 
Fs5 sample was annealed for 15 min. at 
800°C., a time sufficient to produce only a 
small amount of recrystallization but 


Orientations of old and new grains were 
determined from transmission Laue dif- 
fraction patterns. Because of distortion, 
the orientation of an _ unrecrystallized 
grain has a range of values, and this range 
is represented in the stereographic projec- 
tion plots by shaded areas. All orientations 
are given in terms of three {100} poles 
mutually go° apart, the accuracy in general 
being to within one degree for the re- 
crystallized grains. 
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ANALYSES AND RESULTS 


After the orientations of old and new 
grains were plotted in stereographic projec- 
tion form, each group was rotated with the 
aid of a Wulff net until the old grain 


tion of the four old grains has not been 
included in Fig. 6; otherwise these orienta- 
tions coincide at position S. The directions 
N and R.D. are different for each grain 
and appear unidentified in the figure. 





FiG. 2.—STEREOGRAPHIC PROJECTION PLOT OF CUBE POLES OF GRAIN E4B, (aT POSITION S) AND 
THE 52 NEW GRAINS OBTAINED BY RECRYSTALLIZATION. 
Six orientation states are indicated. 


coincided with the fourfold symmetry 
position marked S in the diagrams. Plots 
for E4C, E4B;, E4B2, G4D, H4A, and all 
the Fs samples appear in Figs. 1, 2, 3, 
4, 5, and 6, respectively. The direction 
normal to the plane of rolling N and the 
rolling direction R.D. are indicated in the 
diagrams. In Fig. 6 the orientations of 
the recrystallized grains of FsA have 
numbers 1 to 34; those of Fs5B, 35 to 49; 
FsD, so to 61; and FsC, 62 to 78. Because 
of some differences, the spread in orienta- 


Certain orientations occur more often 
than others in each plot and these form 
preferred crystal orientations. Most of 
these common orientations (excluding 
any that are present in Fig. 6) have been 
associated with orientation states, each 
734° in size, as indicated in the figures. 
Orientations that fall within such states 
are indicated in general by black dots 
without numbers. Orientations falling 
near a state are also left unnumbered but 
have a small circled cross. In connection 




















MRS CME. 





per 


362 ORIENTATION CHANGES DURING RECRYSTALLIZATION IN SILICON FERRITE 


with analyses that involve comparison 
with third-order twins, these unnumbered 
orientations all belong to a C; classification, 
of which more will be said later. 
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given value of alpha gives the total number 
of orientations that fall into the C class. 
A similar statement applies to the D class. 
The A, B, C, and D classes, however, are 
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Fic. 3.— STEREOGRAPHIC PROJECTION PLOT OF CUBE POLES OF GRAIN E4B, (AT POSITION S) AND 
THE 34 NEW GRAINS OBTAINED BY RECRYSTALLIZATION. 


The data of orientations were then 
analyzed, using nets of first, second, third. 
and fourth-order twin orientations. To 
obtain data independent of the method 
of plotting orientations in pole figures, 
such results must be reclassified according 
to nine general classes composed of one first- 
order, one second-order, two third-order 
and five fourth-order twin relationships.'4 
Results so classified are listed in Table 3 
using four values of alpha. An orientation 
is placed within the C class according to 
best fit. Therefore, the sum of the numbers 
in the columns headed Cy; and C, for a 


independent. Consequently, some orienta- 
tions listed under Cs may also be listed 
under B, because these orientations are 
near each other. If an orientation does 
not belong to an A, B, C, or D class, it is 
put into a miscellaneous class called M. 
The number of orientations listed under M 
naturally increases as alpha decreases. 
Values for A,°*, the difference in orienta- 
tion between old and new grains. were 
also obtained. Averaged values will be 
given later. Minimum values, however, 
appear in Figs. 1, 2, 3, 4 and 5 in the form 
of large circles concentric with S. These 
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have radii of 17°, 15°, 9°, 2044° and 19° 
for E4C, E4B,, E4B2, G4D and H4A, 
respectively. No new orientation can be 
found with all three cube poles within 
these circles. 
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shown in Fig. 6 with alpha equal to 10°) 
and also among the 12 members of a special 
3 class. It is important to note that each 
member of the C; class may be obtained 
from the orientation called S by a rotation 





——— 


Fic. 4.—STEREOGRAPHIC PROJECTION PLOT OF CUBE POLES OF GRAIN G4D (aT position S) AND 
THE 56 NEW GRAINS OBTAINED BY RECRYSTALLIZATION. 


The results obtained for alpha equal to 
10°, given in Table 3, were converted 
into percentages and the corresponding 
distribution assembled into Table 4. At 
the bottom of this table appear the results 
of all samples. These results and cor- 
responding ones obtained from the data 
in the previous report! are shown in the 
bar graph in Fig. 7. 

It was decided to obtain the distribution 
of orientations among the 12 members 
of the C; class (these 12 members are 


of 31°36’ about the proper face diagonal 
direction (<110> directions are marked 
by X, Y, A, B, C, and D in the figures). 
Because of clockwise and- counterclockwise 
rotations, each axis gives rise to two third- 
order twin orientations. Each member 
of the ys; class may be formed similarly, 
the amount of rotation, however, - being 
set at 25° for a reason that will appear 
later. Results are given in Table 5, with 
each state correlated with the axis it has 
in common with orientation S. 
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Grains 29 and 30 in specimen H4A 
(see Fig. 5) were found to be twins and 
therefore not examples of independent 
nuclei.§ In general dependent nuclei should 
be eliminated from the present types of 





ANALYSIS AND DISCUSSION 


In the section on analyses and results, 
preferred crystal orientations were as- 
sociated with orientation states of size 
746°. The form of the distribution of 


FIG. 5.—STEREOGRAPHIC PROJECTION PLOT OF CUBE POLES OF GRAIN H4A (aT posITION S) AND 
THE 41 RECRYSTALLIZATION NUCLEI. 


analyses. With regard to the twins, grain 
No. 29 could be classified best as a C; 
within 10° but grain No. 30 did not fall 
near any C classification. It did fall within 
15° of the A (i.e., first-order twin) classifica- 
tion. Because orientation No. 30 applies to 
two separate parts or grains associated 
with grain No. 29, it would be reasonable 
to say that it and not No. 29 was the 
dependent one. 


orientations indicates, according to prob- 
ability, that the changes in orientation 
did not occur in a haphazard manner (see 
Appendix for a detailed discussion). This 
confirms the results reported previously. 
Tables 3 and 4 and Fig. 7 indicate that 
classifications made according to first, 
second, third, and fourth-order twin 
orientation relationships also confirm the 
results reported previously;' namely, that 
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the data correlate best with a subclass was not taken independently of the others 
of the third-order twin transformations. in that class. Table 4 also shows that the 
Fig. 7 brings this into striking relief. results for each specimen (i.e., E4C, 
In evaluating the bar graph, it must be E4B,, etc.) are classified best under Cs. 


TABLE 3.—Distribution of Orientations Among the Nine General Classes Using Four 


Values of Alpha 
NUMBER OF ORIENTATIONS 
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Pa Chee Laa oteueenaeee IS 90 | 0 60 | 76 9 I 29 32 rs) I 
10 90 | Oo 26 | 53 8 { o 16 17 ° 18 
7.5 90 | 0 12 31 3 3 o 5 6 0 44 
5 90 | 0 | fe tie I 2 0 rs) I ° 71 
ES nocd gil Ue ae aad 15 10 90:1 42 3 rs) I 18 15 rs) 6 
10 szioi 41 3 2 fe) fe) 5 2 ° 20 
7.5 sa i@l, 2 | 15 2 re) 0 I I te) 35 
5 52/0] rs) 3 0 o ° re) o o 49 
SER me Od ce 15 34} 0] 18| at 4 = oe 9| 13 I 5 
10 34 | 0 > + ‘ee I °o I 3 6 ° II 
7.5 34 | 0] I 7 o re) o | 2 2 o 24 
5 34] 0] 0 4 rs) re) oO | o re) ° 30 
awed Sods wae cs cas can 15 56 | 1] 23 46 I I ®-i s II I 5 
10 56,1] 3 28 oO oO ts) 3 I I 25 
7.5 56/1] oO 15 o ° ° I oO I 4! 
5 56/1] re) 3 0 re) re) I ° I 52 
a ee Petey 6) > eee 15 ar iri 219 27 9 2 2 14 10 re) 3 
10 41 | 0 5 14 2 o 2 5 4 ° 20 
7.5 41 | 0 | 2 10 re) ° I 3 I ° 28 
5 41/0 0 3 oO ° oO oO °o ° 38 
ie ane et us nit veut ae whe | 15 78 | 0 43 44 23 5 I 27 26 ° 3 
| 10 | 7Wioj| 13 18 9 I o 13 7 ° 42 
| 7.5 | 78] 0 8 7 3 0] oO 9 ee 55 
= 5 | 78) 0} I 4 ° ° ° I I ° 72 
Results for all samples........... 15 351 | 2 | 191 | 256 49 16 6 I12 | 107 2 23 
| 10 351 | 1 59 | 156 22 6 3 45 37 I 136 
7.8 | 353 I 25 85 8 3 I 21 13 I 227 
5 | 351 I 6 30 I 2 o 2 2 I 302 
| 
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* Number of new grains. : 
+ Number of orientations not classified. 


TABLE 4.—Distribution of Orientations Among the Nine General Classes for Alpha 





























Equal to 10° 
Per CENT 
Specimen no aT oe C3 Ca Da De Da Dis Dr M® 
I- aad 
eso old cae n ah a ewe 90 | 0.0 | 28.9 58.9 8.9 5.6 0.0 | 17.8 | 18.9 0.0 | 20.0 
tans kta 864 64a 0 eae 52 0.0 7.7 1 $3.8 3.8 0.0 0.0 9.6 3.8 0.0 | 38.5 
i ited eh oe 34 0.0 | 20.6 44.1 2.9 0.0 2.9 8.8 | 17.6 0.0 | 32.4 
ES Ge Soa a Giese 8 56 | 1.8 5.4 | 50.0 0.0 0.0 0.0 5.4 1.8 1.8 | 44.7 
7) Se ee a 41 | 0.0 | 12.2 | 34.2 4.9 0.0 4.9 | 12.2 9.8 0.0 | 48.8 
8 Ae eC ee 78 0.0 | 16.7 | 23.2 | 12.5 a 0.0 | 16.7 9.0 0.0 | 53.9 
All samples...... 35r | 0.3 | 16.8 | 44.5 6.3 £.7 0.9 | 12.8 | 10.5 0.3 | 38.8 
| 











* Number of new grains. 
+ Percentage not classified. 


remembered that there are 24 members Consequently, the C; classification is 
in the C, class and only 12 in the C; class independent of the original orientation, 
and that there are 108 members in all the at least for the orientations reported in 
D classes. It would not be easy to replot the present work. Incidentally, Table 3 
the results according to relative weights shows in the case of specimen G,4D, 
because each subclass of a class (C or D) the only example to date of a good first- 
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order twin classification. This applies to 
grain No. 37 (see Fig. 4 for the orientation). 

Fig. 6 shows a plot not only of the 
new orientations of the Fs series but also 





considered less than one state).6 This 
accounts for the fact that 18 orientations 
are listed in Table 3 under C; for alpha 
equal to 10°, whereas 22 are found in Fig. 6. 
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Fic. 6.—STEREOGRAPHIC PROJECTION PLOT OF CUBE POLES OF GRAINS FsA, FsB, FsC, anp FsD 
(ALL AT POSITION S) AND OF THE 78 RECRYSTALLIZATION NUCLEI. 
Also shown are the 12 members, each 10° in size, of the C; class of third-order twins. 


ee. 


of the 12 Cs states previously mentioned 
each of size 10°. (Each C; state has a 
superscript and a subscript to identify it; 
and its orientation—accurate to the 
nearest minute—may be found in the 
standards previously published.‘) Fig. 6 


it shows that it is not possible for any single 


I orientation to fall into two of these 12 
states. If Cy states of the same size were 
also present, some orientations could fall 
into two states (overlapping states, how- 
ever, are degenerate and each must be 





Incidentally the percentage falling into C; 
would be raised from 23.1 (Table. 4) to 
28.2 for specimen Fs5 by an independent 
classification of C; and C,. Table 4 shows 
that the Fs5 series does not classify as 
well as the other groups. It is interesting 
to note from Fig. 6 that most of the 
orientations, although falling somewhat 
near to the members of the C; class, 
actually do fall on the outside of these 
classifications. The situation is made 


clearer by reference to Table 3, keeping 
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in mind that orientation states nearest 
C; are B, Cy, Dis, and De, and observing 
the distribution for alpha equal to 15° as 
well as 10°. 


l00- 
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DATA FROM TABLE 4 
351 CRYSTALS 


90 
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80 


PER CENT 
S86 2 2 6 


20 
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Fic. 7.—BAR GRAPH OF PERCENTAGE OF ORIENTATIONS CLASSED AS A, B, C (C3 or C4) AND 
D (Des, Dee, Dei, Dis, AND D7) FOR ALPHA EQUAL TO 10°; AND THE PERCENTAGE OF MISCELLANEOUS 
ORIENTATIONS M wITH no A, B, ETC., CLASSIFICATION. 


When the other pole-figure plots are 
superimposed on a C; net, each preferred 
crystal orientation (or highly populated 
state) is. generally displaced a certain 
amount from C3, more often toward the 
orientation designated by S. This may be 
indicated in another way. Plot the number 
of orientations for all the examples against 
equal increments of solid angle taken in 
conical shells about the cube poles of S. 
Such a plot appears in Fig. 8 with linear 
angle A,¢ for abscissa. For example, the 
first solid angle is a cone circumscribed 
about S with A,? equal to 15°. The next 
increment of solid angle is a conical shell 
with A,* varying from 15° to 21°20’. The 
other succeeding angles are indicated by 
the lengths of horizontal lines in the plot, 
which, from their positions on the axis of 
ordinates, also give the number of orienta- 
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tions obtained as A,? is increased from the 
lower to the higher value in each zone. 
The solid-line curve indicates the form of the 
distribution and shows that the most prob- 


Data From T.P. 1797 (1945) 
84 CRYSTALS 





A BC; C, D,D,,0,, 0,50, M 


able value of A,* obtained during recrystal- 
lization is slightly under 25°. This value is 
less than that expected for a C; classifica- 
tion; so the y3 group, previously described, 
was introduced into the analyses. In ob- 
taining the results listed in Table 3, Cs and 
Y3 were treated independently. There are 
128 orientations under yy; and 86 under C;. 
It is interesting to compare some ¥; and C; 
classifications (marked with asterisks in 
Table 5) that are associated with preferred 
crystal orientations. In E4C, C; and ys are 
about the same, but in E4B, and G4D, ¥; 
is definitely better. 

On the other hand, there is some evi- 
dence in the pole-figure plots that some 
groups are further away and therefore 
nearer a second-order twin, or a B 
orientation. 

Displacements of orientations from C; 
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toward ‘y; or toward B may be explained 
in terms of the spread in orientation of the 
old grain; i.e., as the old grain becomes 
more distorted the departure from C; in- 


assurance about mechanisms that would 
enable one to predict not only a C;-classi- 
fication but also the correct distribution 
within the C; class. On the other hand, 


TABLE 5.—Disiribution of Orientations Among the Twelve Members of the C; Class for 
Two Values of Alpha and Among Twelve Members of a Special ys Class for One 
Value of Alpha 


NUMBER OF ORIENTATIONS 





























| 
, a x Y | B c D 

Specimen Deg.| ©* | Coe Co® | Cate? | Cot Cot] Cot Cat | Co? Cat | Ca? Cot 

| | 
BS i ciciaig aioe eideeds 10 54 t= ¢ eos | x I or II 14 I 13 
7.5 32 Et .40 Ss @.-1-e o :.# gs* 7% / 1 10* 
MR seein é6 een Ste 10 29 e: 0 Se a a o 4 4 2 2 3 9 
7.5 15 ° ° ° Oo | ° 3% 3% 2 o* | 2* 6* 
Dikcnddaacdc xwvac 10 16 e: «£ a 2 PZ I I I o 2 4 I 
7.5 7 eo °=6of 3 9) I I I rs) I 1* I 
I i6 c et 10 27 I I 0 Oo 4 0 5 10 5 ° I 0 
7.5 I5 I °o oO 3 ts) 3* 4* 3* 0 I 0 
Pt acieakssscaeed 10 14 3 ° 0 2 2 o 0 ° 0 5 I 
5 10 2 2 0.0 I o o re) 0 rs) 4* I 
Peivtitekakimenakeea 10 22 2 I 2.24 0 o o I 7 I I 3 
7.8 7 2 © az o o * eis 0 I Oo 

i 
Specimen a Y3 ys! -ys3 ys* ys? | vst vo! | yo? vst | vo? vs? | vs® = ye4 

| | 
BM éws eas ddthaesns 7.5 36 o 8 6(4* Cu I 2 oo - | 5* o* 3 10* 
E4Bi i 1.5 27 o0 8 (O 0 0 2* o 4* 5* 2 1* | 4* 9* 
E4B: ‘ 7.5 7 2 0 Oo I o 3 | e-<« is ) 
ER eS 7.5 32 e. s 0 Oo 4 ° 6* 14* ee 2g re) 
iiss 5} ate dk aaa uioe 7.5 It : % ee I Oo es we 3 o 
Wilnkoss ols cd diane ae a 7.5 15 a 28 rs) ts) 1 I . ag 2 I 2 




















creases (measured with respect to the 
principal orientation of the old grain). 
This seems to be the case for the F5 group 
(having orientations of the type formerly 
used).! Not only are there displacements, 
but there are dispersions that require 
larger orientation states for the same per- 
centage of orientations occurring in a C; 
classification. Some increase in dispersion 
should be expected with increasing dis- 
tortion of the deformed grain. 

When the data on distribution of orienta- 
tions according to axes X, Y, A, etc., in 
Table 5 are analyzed with respect to the 
data on deformation given in Table 2—these 
data correlating with directions N., R.D. 
and C.D., no simple connection between 
the two sets of directions or sets of axes 
appears to result. Until more correlated 
data on deformation and recrystallization 
are made available, little can be said with 


Burgers,’ in support of the theory of local 
curvature on slip planes, has obtained re- 
sults from the recrystallization of aluminum 
that indicate a good. correlation between 
slip planes and axes of rotation involved 
in recrystallization. : 

There seems to be evidence from the 
present silicon-steel samples and others? 
that {112} slip planes are active in the 
range of deformation studied. According to 
published results,* {110} slip planes should 
also be active because of temperature of 
rolling (room temperature) and because of 
composition. {110} slip planes alone re- 
main active when the silicon content 
exceeds 4 per cent.* Therefore, data on 
recrystallization for samples with more 
than 4 per cent silicon should be valuable 
in a study involving the origin of recrys- 
tallization nuclei. 

To eliminate the effect of small varia- 
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tions in orientation as evidenced by grains 
FsA and FsC and by grains G4D and 
H4A, it would be desirable to use very 
large single crystals and subdivide them 
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3. The distribution of orientations 
among the 12 members of the C; class 
shows that some members are more 
highly populated than others. The data 
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VALUE OF a is DEGREES 
Fic. 8.—CuRVE OF DISTRIBUTION OF ORIENTATIONS ACCORDING TO AMOUNT OF ORIENTATION 
CHANGE FOR RECRYSTALLIZATION IN SAMPLES E4C, E4B,, E4B2, G4D, H4A, Anp Fs. 


for studies involving the effect of amount 
of cold-rolling on the distribution of orien- 
tations obtained through recrystallization. 


SUMMARY 


1. Analyses of 351 examples of recrys- 
tallization give a high probability for ob- 
taining a third-order twin relationship 
between new and old structures. 

2. The distribution of orientatiens be- 
tween the C; and the C, classes, com- 
prising 12 and 24 orientations, respec- 
tively, of all third-order twins, indicates 
that the C; class is largely involved in 
recrystallization. This relationship is 
clearly shown in tables of data and in 
pole-figure plots. 


appear insufficient, however, to indicate a 
satisfactory reason for the form of the 
distribution. 

4. Orientation changes due to recrystal- 
lization classified best as Cs regardless of 
original orientation. The form of the dis- 
tribution among the members of the C; 
class, however, appeared to be influenced 
by the original orientation and the way in 
which each crystal deformed. 

5. With greater amounts of cold reduc- 
tion, or with increasing spread in orienta- 
tion of the deformed grain, there was an 
increase in the spread of orientations away 
from the C; classification. 

6. Every case of recrystallization in- 
volved a change in orientation; and very 
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few occurred with a change in orientation 
of less than 15°. The most probable value 
of the change in orientation (given by the 
number A,°) was slightly less than 25° for 
the 351 nuclei. 


~ 


APPENDIX 


Equations have already been developed® 
for determining: (1) the probability that 
a single orientation will fall into a specified 
state of size alpha, nucleation occurring 
in a haphazard manner, and, (2) the 
probability of occurrence of orientations 
in various groups. The equation for the 
first case is 


P = 1.43a° [1] 


where alpha is expressed in radians. 
Writing NW for the reciprocal of 1.43a°, we 
may think of N as the total number of 
possible states for a specified value of 
alpha. 

The equation for the groups of common 
orientations is 


P¥ ay, M2, ... Mh = [2] 
* Nin! 
m,!me!.. .mel(N — DIG — k)INnj Ire! ... 





where is the number of recrystallization 
nuclei (n < N) that are distributed among / 
states of equal size in such a way that m, 
orientations fall into one state, mz in 
another, and so on up to m, in a th state, 
and one each in the remaining / — k states. 
The number of states, among those with 
two or more orientations, that contain the 
same number of orientations are given by 
the numbers 7, r2, and so forth. 

In the present analysis; we are interested 
in a value of alpha of 714° and this, using 
Eq. 1, gives a value of N of 300. Now 
consider the case of m equal to 50 for 
various types of groups. Application of 
Eq. 2 gives the probabilities listed in Table 
6 in the order of diminishing values. 
Three or four groups of two’s are the most 
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probable, and a situation where no groups 
are formed (one or no orientations in each 
state) is far down on the list. 

Some idea of the probabilities involved 
over a range of values of m may be obtained 
by computing the value of m that produces 
a maximum probability for a specified 
group. A few such values appear in the 
table. For example, the highest probability 
for obtaining a pair occurs when » is equal 
to 25. 

If the probability of obtaining a group 
with 16 orientations in one state (mn still 
equal to 50) were considered, we would 
find that the most probable group is m, 


TABLE 6.—Probability Values for Various 

Groups of Common Orientations with n = 50, 

and Value of n Together with Probability 
for Maximum Probability for Certain 











Specified Groups 
Number Group Prob- |Maximum 
of States, | ————————_|_ ability, Prob- n 
nm = 50 ability 
Mi, Me, . « « 
3 2,2,2 ©. 1964235/0.2233869) 44 
4 2,2,2,2 0.,1828904/0.1836560| 51 
2 2,2 0.1440439/0. 2811002) 36 
5 2.4.2.2:2 0.1235048/0.1531755| 57 
I 2 0 .0643600/0 . 3886760) 25 
6 2.2.9,.2,4.2 0 .0627173/0.1286577| 63 
4 2,2,2,3 0 .0401642/0.0434777| 55 
3 2.2;3 0.0340261 | 
5 9.2.2.2.23 0 .0321627 | 
7 2,2,2,2,2,2,2 |0.0245082 
6 2.4,:24:2:3.3 0.0185467 | 
2 2,3 0 .0174599/0.0240473, 40 
oO 0.0131872 
8 2,2,2,2,2,2,2,2 |0.0074807 











equal to 16 and mz equal to 2, the prob- 
ability being about 10~*5. The probability 
of obtaining a 16,6,6,2 group, however 
(which corresponds more nearly to the 
case involved in sample G4D) would be 
1o~'* times the value for the 16,2 group— 
i.e., about 10~**. What is needed actually 
is the probability of obtaining at least 16 
orientations in one state. But this is hard 
to obtain. It does not seem possible that 
the sum of probabilities (m, > 16) would 
become large, because each probability 
decreases rapidly (m, equal to 16 and m, 
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equal to 2) as more states or populated 
states are added, or as m, is made greater 
than 16. This may be indicated in another 
way. Take the sum for those groups that 
have no m, greater than 15. The value for 
the first 14 (Table 6) is 0.96, and this is 
scarcely a start as far as the number of 
groups is concerned. Consequently, there 
cannot be much left for the groups that 
have an m, equal to or greater than 16 
(the sum for all possible groups is one). 

In addition to this, there are fairly 
simple groups that would be likely to 
occur; so the probability of obtaining a 
16,6,6,2 group, for example, is not only 
small but is small compared with a 2,2,2 
group, or with any of the groups listed in 
Table 6. 

The foregoing type of analysis, therefore, 
enables us to estimate what to expect when 
nucleation occurs in a haphazard manner. 
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DISCUSSION 


(A. R. Troiano presiding) 


C. S. Barrett.*—Dr. Dunn’s theory of high- 
order twinning provides one very interesting 
way of analyzing the data. Another theory that 
has received much discussion is that certain 
rotated portions of the grains are the nuclei of 
recrystallization that govern the orientation of 
recrystallized grains. It would add much to 
the value of Dr. Dunn’s studies, I think, if the 
data could be analyzed in some way that would 
show which of these theories is able to account 
for the facts. It might be necessary to calculate 
probabilities on the basis of degrees of rotation 
that are chosen purely arbitrarily, but in the 
present analysis there is also some arbitrariness 
in the choice of the orders of twins, for there are 
no @ priori reasons for singling out any particu- 
lar order or orders of twins that should be 
important (except, perhaps, the first order, 
which according to the data, is not found). 


C. G. Dunn (author’s reply).—In order to 
follow the changes in orientation that occur 
during recrystallization it seems to me that 
one should start either with a single-crystal 
specimen or with a polycrystalline sheet having 
a strong single texture. It is not clear to me 
what we can expect to find if the polycrystalline 
material lacks this property. The spread in 
orientation in any polycrystalline sheet is 
certain to add some confusion to the relation- 
ship between recrystallized textures and cold- 
rolled textures. Consequently, I prefer to 
use single-crystal specimens. 

Dr. Barrett expresses the belief that the 
data could have been analyzed in another 
way and that we then could see what theory 
accounts for the facts. I prefer to speak of the 
high-order twin relationship as a form of 
classification rather than as a theory. In this 
connection, I have thought for some time 
that an arbitrary set of standards, sufficient 
in number to include any orientation—a set 
of 300 might do well enough—would have 
been better than the first, second, third, and 
fourth-order twin standards. Such a set, 
however, has not been prepared yet. Never- 


* Physicist, Metals Research Laboratory, 
Carnegie Institute of Technology. Pittsburgh, 
Pennsylvania. 
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theless if such a set had been used in the 
analysis, the data would still have shown a 
most probable relationship very near that of 
the C; type of third-order twin—a relationship 
that becomes almost self-evident in con- 
sidering the groups of common orientation 
(i.e., highly populated states). 

Now the C; type of third-order twin orienta- 
tion can be obtained from the original (orienta- 
tion S) by a rotation of 31°36’ about the proper 
face diagonal direction, as was pointed out 
in the paper. Therefore rotated portions of 
grains could act as nuclei of recrystallization 
but the larger portion of them would have to 
be near 30° and have a <110> type axis 
to account for the facts. In other words, the 
C; type of third-order twin expresses the 
nature of the results obtained on silicon 
ferrite with cold-rolling reductions in the 
low percentage range. One probably could 
build a theory on this, but such a theory 


might be only a special case of the theory that 
nuclei of recrystallization are rotated portions 
of the parent grain. As a matter of fact, a 
speculation was made in a prior paper (ref. 1 
of the paper) that second or third-order twin 
relationships might have had their origin in 
repeated mechanical twinning during the 
deformation. In the present work, however, 
there was little evidence that mechanical 
twinning occurred during the cold-rolling 
operations. Obviously more detailed informa- 
tion on the nature of recrystallization is 
needed to account for the facts obtained on 
orientation changes. On the other hand, when 
more data of the type presented are obtained, 
it may be possible to predict accurately, 
without knowledge of the exact mechanism 
imvolved, what changes in orientation will 
occur during recrystallization given the initial 
orientation and the nature of the plastic 
deformation. 





Some Aspects of Crystal Recovery in Silicon Ferrite Following 
Plastic Strains 


By C. G. Dunn,* Memper A.I.M.E. 


(Chicago Meeting, February 1946) 


It is well known that plastic deformation 
alters many of the properties of a metal 
and subsequent heat-treatment partially 
or completely restores these properties.’ 
In the deformed or strained state, the 
metal is unstable and tends to change 
toward a condition called a “‘strain-free 
state.” The transformation occurs through 
recovery, recrystallization, and _ grain 
growth—processes that may take place 
singly or in combination. } 

The distortion of the lattice of an 
individual grain of a metal in a state of 
strain may be rather complex in nature, 
because plastic deformation produces: (1) 
dislocations within mosaic blocks; (2) 
elastic variations of the lattice spacings; 
and (3) gross alterations throughout the 
lattice, especially along slip planes, along 
composition planes between a grain and 
its mechanical twins, and along boundaries 
of deformation bands. These gross alter- 
ations are of the nature of bent planes or 
rotated regions of the crystal lattice 
and are revealed by a spread in the orienta- 
tion of the grain. Although we cannot 
describe these strains and their formation 
accurately because of insufficient knowl- 
edge, we can, nevertheless, use the infor- 
mation as well as possible to obtain a 
better understanding of recovery processes. 

In recovery, the lattice of a grain is 


Manuscript received at the office of the 
Institute Nov. 21, 1945. Issued as T.P. 1991 
in METALS TECHNOLOGY, August 1946. 

* Research Physicist, General Electric Co., 
Pittsfield, Massachusetts. 

1 References are at the end of the paper. 


not made anew as it is in recrystallization, 
but is improved or mended in such a way 
that the basic structure remains unaltered. 
Until recently observations were that 
recovery produced no marked changes in 
the shapes of spots in Laue diffraction 
patterns, whereas recrystallization did, 
but now it is known for silicon ferrite? that 
Laue spots may become quite sharp 
entirely through recovery. Consequently, 
the shape of Laue spots alone would not 
be a suitable test to distinguish between 
recovery and recrystallization. There is 
considerable evidence that the micro- 
structure usually does not change visibly 
during recovery. Absence of a visible 
change in the microstructure, therefore. 
provides a sufficient test of recovery in 
many cases. However, including this 
observation in a definition of recovery as a 
necessary condition (this is usually done) 
is unfortunate, because recovery may, 
as will become evident later, produce new 
grain boundaries that are visible not only 
in the microstructure but also in the 
macrostructure. For the present, there- 
fore, let us say that a necessary condition 
for a process to be one of recovery is that 
the principal orientation or orientations of a 
deformed grain be essentially unchanged 
throughout the transformation toward the 
strain-free state. Several transformations 
may occur that fulfill this condition, 
and the nature of the distortion in a grain 
indicates what these must be if the lattice 
is to be mended in part or fully. Conse- 
quently, it will be convenient as well as 


373 








Aa Te tne fibre tr 





cr ar nC CT EATEN RH 








a prneenaiey nse cena PR AP NN NSAI LIS 


374 SOME ASPECTS OF CRYSTAL RECOVERY IN SILICON FERRITE 


logical to divide recovery into three classes 
corresponding to those previously listed 
for distortions existing in the metal in 
the strained state: 

1. Class-1 recovery: the removal of dis- 
locations within mosaic blocks. Disloca- 
tions* are not easily detected by means of 
X-rays; however, line widths and line 
intensities may be involved. 

2. Class-2 recovery: the removal of elastic 
strains. This recovery process alters the 
lattice parameters and either restores 
sharpness to X-ray diffraction lines or 
produces a shift in their positions. 

3. Class-3 recovery: The removal oj dis- 
tortions that produce a spread in orien- 
tation over regions that are larger than 10~* 
cm., i.€., larger than mosaic blocks. This 
type of recovery produces a very marked 
alteration in the spots of Laue diffraction 
patterns. 

These classifications probably do not 
introduce any new concepts about re- 
covery, but they do help to determine the 
scope of the subject. On the other hand, 
the statement that recovery may produce 
visible changes in a metal is new. It 
means for one thing that grain refinementf 
is possible through deformation and 
recovery; and experimental proof of this 
will be given later. 

With regard to present knowledge con- 
cerning recovery, only some of the main 
points that pertain to our investigations 
will be reviewed. First, in connection with 
class-1 recovery, it has been reported on 
theoretical grounds that dislocations tend 
to diffuse to the surface of a metal.*4 
Barrett®* suggested that such diffusion 
may constitute recovery. Koehler‘ also 
pointed out. that positive and negative 
dislocations might come together within 
a metal and annihilate each other. There- 
fore, as a working definition, we would 


*It is believed that most of the energy in 
the lattice produced by plastic deformation is 
due to dislocations. 

+ Grain refinement has often been used as 
sufficient proof of recrystallization, 


say that the removal of dislocations (under 
the previously mentioned necessary con- 
dition for recovery ) is a recovery process and 
the diffusion and annihilation features 
represent possible mechanisms. 

Secondly, in connection with class-2 
recovery, it has long been established that 
elastic strains and their attendant internal 
stresses can be removed, at least partially, 
by a recovery process. Because of this 
fact, recovery is frequently associated 
with the removal of stresses that affect, 
among other things, the stability of shape 
of an object and the ability of the metal 
to withstand corrosion. On the other 
hand, we must remember that any strain 
that produces a strained state will also 
produce stresses, even though they be 
highly localized in character and have 
little effect on diffraction lines. Further, 
an elastically bent lattice can produce 
a spread in orientation® of the type as- 
sociated with asterism; and along with 
the spread in orientation there are, of 
course, compression and tension stresses 
with corresponding elastic changes in the 
lattice spacings. However, asterism with- 
out internal stresses®-? may be present 
in an annealed sample of metal; so, in 
spite of some apparent overlapping of 
terms; the expression ‘“‘elastic strains” 
will serve to describe the well-known 
changes in lattice spacings and the expres- 
sion ‘‘class-2 recovery”’ will deal with their 
removal. 

Finally, with regard to recovery of the 
type now called class 3, Elam* reported, 
while summarizing numerous data on the 
effect of structure on X-ray diffraction 
patterns, that the elongation of Laue spots 
remains until recrystallization takes place. 
Collins and Mathewson® reported for 
aluminum crystals that small intensity 
maxima develop in the Laue diffraction 
spots during recovery. This effect has 
been interpreted generally as due to 
changes in internal stress, although Collins 
and Mathewson offered another possible 
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interpretation that involved partial co- 
alescence of crystal fragments. They 
believed, however, that such a recovery 
process should have continued until the 
crystal lattice was perfect, and offered no 
explanation why this did not occur, except 
to note that such recovery was reported 
by Yoshida and Nagata on material 
deformed 2 per cent or less. Complete 
removal of the elongation of Laue spots 
was reported recently for the case of 
deformed silicon ferrite crystals.? In 
the same work, it was noted that Neumann 
bands were removed during recovery of an 
old grain and that growth of new grains 
became negligible after recovery had 
proceeded far enough.. 
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far recovery can go in removing strains, 
to what extent recovery can stop grain 
growth or stop nucleation of new grains, 
and what active role, if any, recovery 
may have in a nucleation process. 

The present paper is chiefly concerned 
experimentally with the process termed 
class-3 recovery or with those changes 
that reduce the spread in orientation of a 
grain over relatively large regions, not 
through the development of a new lattice 
but rather through adjustments that put 
the old one into a more perfect condition. 
The separate subjects and experiments 
that appear under Experimental Results 
were arranged whenever possible to form a 
logical sequence; but in general each sub- 


TABLE 1.—Composition of Materials Investigated 




















Per CENT 
Specimens | Si | e P S Mn Al Cu Sn 
at 
E and T series........ | 3.45 | 0.003 0.008 | 0.009 0.075 0.031 0.072 oF: 
6 ES a Ae 3.55 | 0.004 0.0Ir | 0.008 0.045 tr. 0.080 0.014 
Be SAE ey Pero ry 3.65 | 0.003 O.01L | 0.014 0.16 tr. 0.028 0.014 
H sample........ ..-| 3.65 | 0©:002 | 0.010 0..007 ~0..036 tr. 0.028 0.009 





Although no formal attempt to define 
recovery has been made by the writer, the 
commonly accepted meaning of the term 
has been retained as closely as possible. 
No restrictions were made with regard to 
its place relative to recrystallization be- 
cause strains may also be present in a 
recrystallized structure. The idea that a 
recrystallized structure is often not free 
of strain®!° has been maintained for a 
long time to explain certain observations on 
grain growth. Others have maintained 
that grain-boundary areas provide the 
sole source of energy necessary for grain 
growth. There is, therefore, a need for a 
better understanding of the effects of 
strain and recovery on recrystallization 
and grain-growth processes. This need 
may require experimental results to deter- 
mine how much energy is present in a 
strained state and how it is distributed 
among the various types of strains, how 


ject represents an independent and dif- 
ferent aspect of crystal recovery. 


PREPARATION OF SPECIMENS AND 
EXPERIMENTAL PROCEDURE 


Materials used in the present investiga- 
tion were obtained from some heats of 
steel made by the Allegheny-Ludlum Steel 
Corporation. Final processing and heat 
treating were done at the Pittsfield Works’ 
Laboratory of the General Electric Co., 
to give fairly large grains of suitable 
orientations for work on recrystallization. 
Designation of specimens and chemical 
composition are given in Table 1. 

During the course of work on recrystal- 
lization over a period of two years, a 
number of interesting types of recovery 
processes were discovered. These have 
been assembled together either according 
to degree of complexity of the structure or 
according to some effect associated with 
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recovery. In general, the complexity of 
the structure of a deformed crystal de- 
pends upon the original orientation, the 
influence of surrounding grains, the type 


the narrow surfaces of each crystal were 
first surface-ground with grit No. 180, 
then etched for 3 min. in a 4 to 1 aqueous 
solution of nitric acid, while the large 





Fic. 1. 


Fic. 2. 


Fics. 1 AND 2.—LAUE PHOTOGRAPHS OF GRAIN E2B. 
Fig. 1. After cold reduction of 21 per cent. . 
Fig. 2. After cold reduction of 21 per cent and anneal of 3 days at 980°C 


of deformation, and the amount of the 
deformation. Because it is not possible at 
this time to cover these factors adequately 
as they may relate to recovery, only a brief 
description of the deformed structure will 
be given. 

All crystals were as thick as the sheets, 
which were 0.007 in. for the E series, 
0.012 in. for the T series, 0.014 in. for the 
G series and o.o14 in. for the A and H 
samples. A cold mill with 8-in. dia. rolls 
was used to deform all specimens except 
those in the T series, which were pulled 
on a tensile machine. After the proper 
amount of deformation, single-crystal sam- 
ples were obtained from the sheet speci- 
mens by either of two methods. In one 
an abrasive cut-off wheel was used. To 
remove strains left by the cut-off wheel, 


flat surfaces were protected with acid- 
resisting lacquer. In the other method, 
nitric acid alone made the cut, acid- 
resisting lacquer again protecting the 
large flat surfaces. 

All samples were annealed in an atmos- 
phere of pure, dry hydrogen. 


EXPERIMENTAL RESULTS 
Single-laitice Type 


In this example the structure of a cold- 
rolled crystal consists of a single orientation 
with some spread. 

Experimentally, a polycrystalline sam- 
ple 0.007 in. thick was cold-rolled 21 per 
cent. After the sample was lightly etched 
to reveal grain boundaries, large crystals 
were removed and annealed for 3 days at 
980°C. Laue photographs of the crystals 
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before and after the anneal, except one 
photograph that had some residual dis- 
tortion of the Laue spots, were similar to 
those shown in Figs. 1 and 2 for crystal 
E2B. Three Laue patterns taken at 
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Double-lattice Type 


The structure of the deformed crystal 
prior to recovery consists of two orienta- 
tions, each with some spread. 





Fic. 3.—LAUE PHOTOGRAPH OF GRAINGSA 
BEFORE PLASTIC DEFORMATION. 


positions 34 in. apart in E2B checked 
identically with that of Fig. 2; so it is 
reasonable to say that the annealed 
sample consists of a single lattice. Com- 
parison of the Laue patterns discloses 
that the orientation of E2B did not change 
during the anneal; only the spread in 
orientation changed. Therefore, the neces- 
sary condition for recovery, previously 
imposed, has been satisfied. However, this 
condition alone is not sufficient to dis- 
tinguish between recovery and a special 
case of recrystallization that theoretically 
might occur; namely, recrystallization 
without change in orientation. The latter 
would require a nucleation and growth 
process; the former would not require 
any growth. More will be said later about 
this after the effect of time at temperature 
on recovery has been considered. 


A single-crystal specimen Gs5A 0.014 in. 
thick with a (o11) plane within one degree 
of the surface was cut into a rectangle of 
size 44 by 1} in., the long dimension 
coinciding with a [100] direction. After 
the crystal had been cold-rolled 10 per 
cent in the [100] direction, it was trimmed 
to a width of in. and then divided into 
two pieces. One piece was annealed for 
4 hr. at 1175°C.; the other was retained 
as cold-rolled. No new grains were seen 
in either surface of the annealed crystal. 
Laue photographs of this piece before 
rolling, after rolling, and after annealing 
are shown in Figs. 3, 4 and 5, respectively. 

From the Laue photographs in Figs. 4 
and 5, it is apparent that the cold-rolled 
specimen is composed of two lattice struc- 
tures and that the annealed sample is 
also a doublet of the same orientations, 
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FIG. 4. FIG. 5. 
Fics. 4 AND 5.—LAUE PHOTOGRAPHS OF GRAIN GsA. 
Fig. 4. After cold reduction of 10 per cent in a <100> direction. 
Fig. 5. After cold reduction of 10 per cent and an anneal of 4 hr. at 1175°C. 








Fic. 6.—MICROGRAPH OF GRAIN G5A. X 125. 
a. As cold-rolled. Etched 4 min. in 4 per cent Nital. 
b. Cold-rolled and annealed. Etched 7 sec. in 4 per cent Nital. 
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the difference in the patterns being one of 
spread in orientation. Cross-section micro- 
structures were prepared from the annealed 
and unannealed pieces in order to find 
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separately, producing, through the dif- 
ference in orientation, a very sharp 
boundary between the bands. Fig. 7 is a 
stereographic projection plot showing the 


fold 





Fic. 7.—STEREOGRAPHIC PROJECTION PLOT OF GRAIN GsA. 
A. Cube poles of original orientation. 
A,. Cube poles of one part of doublet structure after recovery. 
A». Cube poles of other part of doublet structure after recovery. 


the reason for the doublets. Micrographs 
that are representative of the entire cross 
section are shown in Figs. 6a and 6b. The 
two layers shown in Fig. 6a were not 
observed until the cold-rolled specimen 
was heavily etched, but the doublets 
present in the annealed specimen (Fig. 6) 
were readily disclosed. 

It may be concluded from the fore- 
going results that the original crystal 
divided roughly through the middle to 
form a sample of two layers, each a region 
of one crystal orientation, and that each 
layer or deformation band recovered 


original and final orientations, A being 
the orientation prior to the deformation 
and A; and Az the orientation of each 
layer after the anneal. A simple explana- 
tion of the change in orientation is that 
one band A; deformed through slip on a 
(211) plane; the other, A», through slip 
on a (211) plane, with both lattice rotations 
occurring about a common [or1] direction. 


Complex-lattice Type 


In these examples the deformed crystal 
may be composed of two or more preferred 
crystal orientations or deformation bands, 
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but the recovered sample is definitely 
quite complex. Two examples will be 
illustrated, one with a visible change in 
the microstructure, the other with a visible 
change in the macrostructure. 


the well-known pattern called pseudo 
asterism. A Laue pattern from a region 
originally free of Neumann bands dis- 
closed a structure very much like that 
of GsA (Fig. 5) except that one of the 





Fic. 8. 


FIG. 9. 


Fics. 8 AND 9.—LAUE PHOTOGRAPHS OF GRAIN G4C. 
Fig. 8. After cold reduction of 10 per cent in a <100> direction. Area containing Neumann 


bands. 


Fig. 9. Same area after anneal of 4 hr. at 1175°C. 


In the first example, a large single 
crystal, G4C, part of a polycrystalline 
sample 0.014 in. thick, was cold-rolled 
10 per cent approximately in a <100> 
direction, then cut from the sample in 
the manner previously described. During 
the deformation, Neumann bands formed 
across one section of the crystal. Laue 
photographs of this area before and after 
a 4-hr. anneal at 1175°C. are shown in 
Figs. 8 and 9. Inspection of the crystal 
after the anneal disclosed no recrystalliza- 
tion, only the removal of the Neumann 
bands. Although the Laue patterns are 
much alike, the one in Fig. 9 appears to 
represent an aggregate of small crystals 
of nearly common orientation, producing 


doublets contained a fine structure of two 
or three very close orientations. A longi- 
tudinal specimen was prepared to show 
the microstructure of an entire section of 
the crystal. A micrograph of the sample, 
heavily etched, is shown in Fig. 1o for the 
area originally containing Neumann bands. 
As with GsA, a grain boundary (heavy 
black lines in the micrograph) appeared 
early in the etching treatment, roughly 
through the middle of the specimen, 
dividing the crystal into two layers. 
One of these layers, however, was divided 
into two or three parts (these do not show 
in the micrograph), and they, no doubt, 
produced the fine structure mentioned 
for the area originally free of Neumann 
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bands. Etching of the sample was con- 
tinued until a large number of crystal- 
lites became visible. Boundaries were 
hard to see because of the near common 
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mann bands in other areas could be seen. 
The sample was then annealed slowly; 
ie., 20 hr. in the range of 500° to goo°C. 
A small amount of recrystallization oc- 





Fic. 10.— MICROGRAPH OF GRAIN G4C AFTER ANNEALING. X 125. 
Area originally containing Neumann bands. Etched go sec. in 4 per cent Nital. 


orientations, but they are discernible in 
Fig. 10. 

Reasons for the development of crystal- 
lites in a Neumann band area and not in 
other areas of the deformed crystal will 
be discussed later, after the effect of 


curred, but only in the region containing 
Neumann bands. One old grain had grown 
a small amount. The sample was annealed 
for 4 hr. at 1175°C. Further growth was 
observed; but recrystallization, generally, 
appeared little advanced. As a final 





a 


b 


Fic. 11.—MACROGRAPH OF GRAIN E IN SPECIMEN TW12. SAMPLE ETCHED WITH DILUTE ACID. X 3 
a. After goo°C. anneal. 
b. After 1450°C. anneal. 


Neumann bands on the distortion of a 
lattice has been considered. 

In the second example a polycrystalline 
sample, TW12, was prepared in the form 
of a tensile specimen and pulled 8 per 
cent. Following the deformation, highly 
distorted grains in some areas and Neu- 


treatment the sample was annealed to a 
temperature of 1450°C. and held about 
one hour. Little additional recrystal- 
lization was observed, but other changes 
could be seen. 

Photographs in Figs. 114 and 115 show 
the appearance of a distorted grain after 
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Fics. 12-15.—LAUE PHOTOGRAPHS OF GRAIN E. 
. 12. At position L (Fig. 11a) after 1175°C. anneal. 
ig. 13. At position L (Fig. 11b) after 1450°C. anneal. 
ig. 14. At boundary position M (Fig. 11b) after 1450°C. anneal. 
ig. 15. At position NV in area having boundary at position M. 
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the anneals at goo°® and 1450°C., the 
illumination of the grain for Fig. 11) being 
adjusted to bring out points of similarity 
(in general grain E reflected light almost 
like a single crystal). Inspection of these 
photographs discloses that the boundaries 
of the distorted areas within grain E 
are indistinct in Fig. 11@ and sharp 
(except for one boundary that passes 
through position L) in Fig. 115. The high- 
temperature anneal, therefore, transformed 
indistinct boundaries into sharp ones. 

The Laue photographs shown in Figs. 12 
through 15 illustrate some of the structural 
changes that occurred during the anneals; 
for example, a Laue photograph for 
position Z after the anneal at goo°C. was 
practically identical with the one shown 
in Fig. 12 for the same position after the 
1175°C. anneal. The diffraction pattern 
in Fig. 13, however, shows that some 
change occurred during the 1450°C. anneal. 
Another example is the change that 
occurred for positions of the type marked 
M and N in the photograph. A Laue 
photograph for position M after the 
goo°C. anneal consisted of overlapping 
patterns for two orientations. Another 
picture, Fig. 14, for the same position 
after the anneal at 1450°C. shows these 
two orientations with the distortion re- 
moved. The single Laue pattern in Fig. 
15 is identical with one of those in Fig. 14, 
even though position NV is 3 mm. from 
position M. In general, Laue patterns 
for other boundaries and areas were com- 
posed of double and single orientations. 

The aggregate of crystals within the 
area of old grain E have a spread of 7° 
in orientation in such a way that plotted 
in stereographic projection the¥ fall into 
an orientation state of size 344°. The 
orientation at position L together with 
its spread of about 3° falls also within 
this state. 

The microstructure at position L was 
investigated for fine structure. Little 
was disclosed until the surface was etched 
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for 5 min. with 4 per cent Nital; then 
five parallel lines became visible. These 
were spaced roughly 20 microns apart 
and at an angle of 60° with the surface. 
From this angle, and the one made in 
the surface, it appeared that the narrow 
bands were separated on (211) planes. 
The structure of Laue spots for large 
Bragg angle (Fig. 13) also indicates the 
possible presence of at least six different 
orientations. 

It is to be noted from the photograph in 
Fig. 115 that there are other lines that 
are roughly parallel to the diagonal one 
passing through position ZL. Consequently, 
slip on (211) planes and other {112} 
planes may have occurred during the 
formation of the various bands or dis- 
torted areas; and recovery may have 
removed the spread in orientation, not 
only within a distorted area, but also at a 
boundary produced by two regions under- 
going different amounts of lattice rotation 
about the same axis through different 
amounts of slip in the sanie slip direction. 
The appearance of Laue spots in Fig. 12 
confirms this for the case of the five parallel 
bands described previously, because the 
forr] direction that would be required 
for the axis of rotation of the lattice under- 
going slip in a [111] direction on (211) 
planes lies near the best single axis for 
Fig. 12. This fact also checks with the 
analysis of the microstructure. 


Effect of Neumann Bands on Distortion of 
a Grain and on Class-3 Recovery 


One specimen will be used to illustrate 
the distortion of a grain and two others 
will be used to show some transforma- 
tions produced in the initial stages of 
an anneal. 

Specimen TW14 developed a small 
group of Neumann bands in one large 
grain during a tensile extension of 0.6 
per cent. Laue photographs for the position 
of the bands and 2 mm. from them appear 
in Figs. 16 and 17, respectively. A 4-hr. 
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anneal at 1175°C. removed the Neumann 
bands but no recrystallization occurred. 
Fig. 18 shows a Laue photograph for the 
Neumann band region after the 1175°C. 
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samples were selected from these two 
specimens. Each single crystal was then 
divided into two parts and one part of 
each was annealed for 2 hr. in the range 





FIG. 19.—MICROGRAPH OF SAMPLE A3, SHOWING APPEARANCE OF NEUMANN BANDS. ETCHED 
IO SECONDS IN 4 PER CENT NITAL. X 10. 
a, before annealing; 6, after annealing. 


anneal. An analysis of these Laue patterns 
shows that the Neumann bands produced 
a spread of 314° to 4° in the main lattice, 
and that the anneal reduced this spread a 
small amount. Some reflection spots for 
Neumann-band structure are plainly visible 
in the Laue pattern in Fig. 16, but these 
reflection spots are not present in Fig. 18 
for the annealed sample. This, incidentally, 
confirms the visual observation that the 
bands were removed. 

Another specimen, TW22, contained 
many Neumann bands after a tensile 
extension of 0.6 per cent. Specimen A3 also 
contained many bands after a cold-rolling 
reduction of 4 per cent. Single-crystal 


500° to goo°C.; the other was left as 
deformed. Comparison of the annealed 
and unannealed parts of the same crystal 
disclosed that Neumann bands grew a small 
amount in some regions (were enlarged) 
and were removed in other regions by 
the old grain (Laue patterns indicated no 
change in the orientation of the old grain). 
Fig. 19, which shows the microstructure of 
a crystal before and after annealing, 
clearly indicates. these two transforma- 
tions. Fig. 20, at 100 diameters magnifica- 
tion, however, not only shows growth of 
Neumann bands in some areas and their 
removal in other areas, but also shows 
where Neumann bands were before the 
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old grain absorbed them. (One such region 
is marked by an arrow.) 


Lattice Structures in Recovery and Growth 
of a Deformed Grain 


In this example, a deformed grain 
grows at the expense of a neighboring 


Figs. 11¢ and 115 is only a fair illustration). 
Both of these grains originally contained 
Neumann bands; those in grain F were 
in one corner, whereas those in grain B 
were distributed rather uniformly through- 
out the grain. Macrographs and Laue 
photographs were obtained after anneals 








Hi grain. Two grains, B and F (Fig. 21) of 
i} specimen TW12 are taken for illustration 
ab (boundary changes in grain E shown in 





ik Fic. 21.—PosITION OF GRAINS B AND F IN 
4 SPECIMEN TWi2 AFTER ANNEAL AT 1450°C. 
ETCHED WITH DILUTE NITRIC ACID. X 3. 











FIG. 20.—MICROGRAPH OF SAMPLE TW22 AFTER ANNEALING. ETCHED 2 MINU 


NITAL. X 100. 
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of goo®, 1175° and 1450°C. Comparison of 
the photographs showed that grain F did 
not grow until the 1175°C, anneal, but the 
area of grain B increased about 1o per 
cent during. the goo°C. anneal in one 
boundary region where Neumann bands 
were present in the adjacent grain. During 
the final anneal the new part of grain F 
(this part is about one third the size of 
the original grain) became a neighbor of 
grain B and grew a small amount at the 
expense of grain B. Figs. 22, 23 and 24 
show Laue photographs for positions 1, 2 
and 3 of grain F as marked on the photo- 
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graph in Fig. 21. Position 1 is in the area 
of the new grain; position 2, in the area of 
the old grain; and position 3, once a 
grain boundary, is now a point where new 


were present in the area represented. This, 
however, is not quite the picture of the 
entire grain, because some areas gave very 
close doublet structures either partially 





FIG. 25. 


Fic. 26. 


Fics. 25 AND 26.—LAUE PHOTOGRAPHS OF GRAIN B. 
Fig. 25. After goo°C. anneal. 
Fig. 26. After 1450°C. anneal. 


and old join together. On both sides of 
position 3 there is a distinct boundary 
between the new grain and parts of the 
old one, as would be expected from the 
fact that the old grain did not recover to a 
single lattice structure. Comparison of 
Figs. 22 and 23 shows that new and old 
orientations fall within about one degree 
of each other. At position 3, however, they 
fall together. A finer beam would have 
been used to eliminate some of the structure 
variation except for the fact that, it was 
not possible to locate the proper boundary 
position accurately enough. 

The effect of the annealing on the 
lattice of grain B can be seen by comparing 
Figs. 25 and 26. Recovery occurred to a 
high degree. The transformation is remark- 
able because originally Neumann bands 


or just completely separated in the Laue 
patterns. 


Effect of Time and Temperature on Class-3 
Recovery 


In any heat-treatment the factors of 


‘time and temperature are involved. From 


the previous results, one could say that 
the average rate of recovery increases 
with temperature. If class-3 recovery were 
simply the removal of asterism and the 
production of single sharp Laue spots, 
the rate of change of size of a Laue spot 
could be measured and used to get the 
rate of recovery. Fortunately, this can 
be done if there is available a case of single- 
lattice type of class-3 recovery and a 
single crystal large enough to be divided 
according to the number of heat-treat- 
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ments needed. These conditions are not 
easy to meet simultaneously. 

An attempt was made, nevertheless, 
to select a fairly large crystal suitably 
oriented for a study of amount of orienta- 
tion spread for certain Laue reflection 
spots versus time at 1000°C. Results for a 
sample originally cold-rolled 12.7 per cent 
were as follows: 


Time........... 0.0 15 min. 1 day 8 days 
° ° ° 


Elongation...... 7.5° 5 4 2 
Since the final structure, which varied 
some from sample to sample, was a close 
doublet, it. is necessary to view these 
results as essentially qualitative. They 
do confirm the previous results, however, 
which showed that class-3 recovery is a 
slow process. They also point to a rather 
rapid recovery at the beginning of the 
heat-treatment (if the temperature is 
high enough) and a rather slow change, as 
would be expected, toward the end of a long 
heat-treatment. 

Large single crystals seem to be needed 
to obtain quantitative data for various 
temperatures as well as for various times 
at temperature. They are also needed to 
study the effect of recovery on rate of 
growth (see next section). Consequently, 
we are now making an effort to prepare 
large single crystals for use in these 
investigations. 


Effect of Recovery on Rate of Growth 


If a deformed single crystal is in a 
condition only to recover at some tem- 
perature (for example, 1100°C.), it pro- 
vides an ideal sample for studying the 
effect of recovery on the rate of growth of 
one or more nuclei introduced after a 
recovery heat-treatment. Nuclei may be 
introduced into such a crystal through a 
Rockwell indentation in one corner of the 
sample. (Experience has shown that a 
Rockwell indentation is sufficient to cause 
recrystallization to occur in the area of the 


indentation of an otherwise undeformed 
single crystal during an anneal of 5 min. 
at goo°C.) 

Results for two crystals, E5A and 
EsB, each subdivided into three parts, 
following a cold reduction of 10 per cent, 
appear in Table 2. Anneal No. 1 was given 
prior to the Rockwell indentation, anneal 
No. 2 after it. 


TABLE 2.—Effect of Recovery on Growth 








Crystals Anneal No. 1 Recovery 
ASR c beeing tis | 4 hr. at 1100°C. _| Some class-3 
Ri Ss cies KOS | 15 min. at 1100°C.| Some class-3 
Ws a sdb. k oecie' | None 








| 
| Growth, Per 





Crystals | Anneal No. 2 Cent 
ie - RON es 
| 
A1, Bi, Az, Be....| 30 min. at 1100°C.| o 


pe eae | 5 min. at 1100°C. Bs, 100; As, 50 





All single-crystal samples contained 
nuclei after the second anneal]; so whatever 
the transformation was during the pre- 
liminary heat-treatments, it must be 
admitted that it modified the ability of 
these new grains to grow; and unless a 
small amount of class-3 recovery could 
do this, it must be assumed that recovery 
in the other two classes was also involved. 

It is hoped that quantitative data on rate 
of growth may be presented at a later 
date for recovery temperatures taken 
above and below the growth tempera- 
ture, and with orientation differences be- 
tween new and old grains taken into 
consideration. 


Crystal Distortion in a Recrystallized Matrix 
and Class-3 Recovery after Recrystallization 


If Laue reflection spots show asterism 
or other forms of departure from good 
reflection spots for a new grain, the grain 
is said to be distorted or strained in a way 
to produce a spread in orientation. 
Although many samples could be cited 
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that show distortion in nuclei early in 
their growth and in recrystallized grains 
heat-treated well beyond the temperature 
and time required for complete recrystal- 
lization, only one case will be given for 
illustration, a case where the distortion 
produced marked asterism in Laue reflec- 
tion spots. A single crystal, H4A, 0.014 in. 
thick and cold-rolled 10 per cent in a 
<110> direction in a {110} plane, was 
divided into five parts for annealing 
various lengths of time at 750°C., to 
obtain the early appearance of recrystal- 
lization nuclei. One piece, annealed for 
go min., was about 70 per cent transformed 
according to surface area on one side. 
The other side appeared to be transformed 
only about ro or 15 per cent. 

Nucleus No. 19 was about 2.5 mm. 
long, and largely surrounded by other 
nuclei, but it did not extend through the 
thickness of the old single grain. Directly 
behind it was the unrecrystallized grain. 
Some of this old grain structure was etched 
away to leave a specimen approximately 
0.006 in. thick. Asterism was present in 
Laue photographs of grain No. 19 before 
the etching treatment and also after it. 
Two other nuclei out of a total of 21 
showed distorted Laue spots, but to a 
lesser degree. 

The sample was then reannealed for 
8 hr. at 1175°C. Recrystallization was com- 
plete. Figs. 27, 28 and 29 show, respec- 
tively, Laue photographs of the old grain, 
grain No. 19 and the old grain, and grain 
No. 19 after 1175°C. anneal. Although the 
condition of Laue spots in Fig. 29 indicates 
some distortion in grain No. 19 even after 
the 1175°C. anneal, the spread in orienta- 
tion—roughly 44°—is considerably less than 
the original 2° spread that was present after 
the 750°C. anneal. Consequently, it is evi- 
dent that crystal distortion existed in grain 
No. 19, a recrystallization nucleus, and that 
most of this distortion was removed 
by recovery of reannealing at a higher 
temperature. 
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DISCUSSION OF RESULTS 


There are two reasons why the experi- 
mental results have been listed under 
recovery and not under a special case 
of recrystallization—namely, one without 
change in orientation through growth of a 
fragment of the deformed crystal. 

First, specimens GsA and G4C had 
microstructure doublets after annealing 
that were closely related to the structures 
before annealing; and grain E of specimen 
TWi2 appeared to change visibly only 
through a sharpening of indistinct bound- 
aries. If a fragment of a crystal were to 
grow for each of the final orientations, 
it would be expected that these boundaries 
would be modified to a noticeable degree, 
because a difference in orientation is 
known to be no barrier to grain growth. 

Second, crystals that were heat-treated 
for various periods of time at temperature 
(some, in fact, heat-treated several times 
in succession) changed in such a way 
that the elongations of Laue spots di- 
minished slowly with time. Growth of a 
small fragment would require a sudden 
change from full asterism to sharp Laue 
spots as the boundary advanced; but 
the observed changes were always of a 
continuous type. 

In addition to the continuous change 
of the spread in orientation with time 
and temperature, as was clearly illustrated 
in a prior report (see Fig. 12 of ref. 2), there 
is for some cases of recovery in a poly- 
crystalline sample almost complete reten- 
tion of the old grain boundaries. 

The present work confirms some observa- 
tions on silicon ferrite that were reported 
earlier:? namely, high-temperature anneals 
can produce sharp Laue spots through 
recovery; an old grain during recovery 
can remove Neumann bands; the spread 
in orientation near Neumann bands may 
be 116° greater than in adjacent regions 
free of bands, and recovery can inhibit 
grain growth. In the present work, how- 
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ever, the spread in orientation due to 
Neumann bands was found to be as high 
as 4°. In the case having 114° spread, the 
sample was cold-rolled 3 per cent; but 
in that having 4° spread the sample was 
elongated 0.6 per cent in tension. Con- 
sequently, there may have been a greater 
differential of cold-work in the latter case, 
with most of the distortion occurring near 
the Neumann bands. (This statement is 
in agreement with the Laue photographs, 
which show very little distortion except in 
the Neumann-band area.) Barrett!! re- 
cently reported a value of 1° for the extra 
distortion near Neumann bands. 

Knowing that the lattice adjacent to 
Neumann bands is more distorted than 
in other areas, and that the lattice is also 
interrupted by a number of jagged parallel 
Neumann bands, it is reasonable to expect 
a complex recovered structure of the 
type reported for sample G4C. This is 
not to say that the structure after recovery 
must be more complex in a Neumann-band 
area. Neumann bands may grow at the 
expense of the highly distorted region 
adjacent to them, as indicated in the 
micrographs of Figs. 19 and 20, and this 
may remove orientations otherwise capable 
of recovery. When the old grain absorbs 
these enlarged Neumann bands, it may 
do so according to the less distorted 
matrix structure. Such a process may have 
occurred in grain B of specimen TWr2, 
for example, because grain B recovered 
remarkably well from distortion produced 
by many Neumann bands as well as by 
an 8 per cent elongation. 

It is known that a deformed crystal is an 
extremely imperfect one, and that small 
adjustments of a few atoms are able to 
remove an imperfection such as a dis- 
location (class-1 recovery). Larger ad- 
justments or the accumulation of many 
small adjustments could produce local 
orientation changes capable of sharpening 
Laue spots. Except for the element of 
size involved it is possible that class-3 
recovery and class-1 recovery have similar 


mechanisms. This is no argument, how- 
ever, against the separate classifications, 
which were purposely made according to 
size of sample involved in a test and accord- 
ing to experimental methods employed. 

Qualitatively it would appear that 
recovery has a pronounced effect on the 
growth process in recrystallization. Fur- 
thermore, when recovery has proceeded 
far enough to stop growth in a deformed 
grain (as it did in four crystals of E5A and 
EsB), it assuredly has recovered enough 
to prevent recrystallization. Laue photo- 
graphs for crystals EsA and EsB indicated 
that class-3 recovery was not at all com- 
plete when growth was stopped; so a more 
complete recovery treatment—as, for ex- 
ample, that in grain E2B or grain TW12B 
—would produce a sample even less 
likely to recrystallize. Consequently, the 
ideas expressed recently’! that a grain 
will recrystallize if it has a fragmented 
structure, and that no recovery wil] remove 
the fragmented character of images in 
X-ray micrographs, must be held in doubt. 

It is theoretically possible that the 
rate of growth of a recrystallization nucleus 
may become negative during recovery of 
the parent grain. In such a case the new 
grain would be absorbed by the old crystal 
in a manner similar to that reported for 
the removal of Neumann bands. 

Results obtained on specimen H4A 
indicate that recrystallized grains can 
exist in strained states of varying degrees 
of strain. Although further heat-treatment 
of this sample completed the recrystal- 
lization process, it also changed the 
strained nuclei that were present into 
grains that appeared to be almost free of 
strain. Recovery need not be the only 
transformation following recrystallization 
—grain growth or even recrystallization 
may occur. 

Because of the results on strain (sample 
H4A), on growth (specimen TW12, grains 
B and F) and on recovery (sample H4A 
and others), and because of existing dif- 
ferences in the meaning attached to the 
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terms ‘“‘grain growth” and “ recrystal- 
lization,’ a discussion of them seems to be 
in order. 

We note that there is little to differ- 
entiate between a recrystallized sample 
and one plastically deformed a small 
amount because both have strains. On 
being heat-treated, both may either un- 
dergo recovery or develop large grains 
through growth of favored grains (grain 
F of strained specimen TWr2 grew, for 
example) or possibly through nucleation 
and growth. Both samples, therefore, 
appear to be cases of either grain growth 
or recrystallization, depending upon what 
it is that grows. The first transformation 
that occurs following cold-work excluding 
recovery, however, is usually considered to 
be recrystallization, and it may be in most 
cases. Nevertheless, unless nucleation can 
be established for the strained sample and 
lack of nucleation established for the 
recrystallized one, can we say that the 
one recrystallizes and the other merely 
undergoes grain growth? 

This is a dilemma. As a suggestion, 
which would involve some change in the 
meaning of the terms “recrystallization” 
and “grain growth,” more emphasis 
might be given to the similar and well- 
known features of these two processes 
and less emphasis to the different and, in 
some cases, unknown features. For illus- 
tration, consider what happened in sample 
TWi2 with the aid of the following 
diagram. The dotted lines represent orig- 
inal grain boundaries, the heavy solid 
lines* final and new grain boundaries, 
and the light solid lines, boundaries that 
remained essentially unchanged. 

Grain R resulted from the growth of a 
nucleus formed among Neumann bands 
(not shown) at the position of the cross in 
grain A. Omitting an infinitesimal amount 
of material for the nucleus, we can say 
that the rest of the metal of grain R 
(shaded area) recrystallized during the 


anneals. This recrystallization occurred 





* Taken from photograph shown in Fig. 21. 
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through growth of the nucleus at the 
expense of grains A and C. The shaded 
areas of grains B and F also represent 
metal similarly transformed; so it would be 








SOO 


logical to say that these shaded areas 
represent recrystallized metal. Note that 
part of grain B recrystallized through 
growth of grain F. Otherwise these old 
grains themselves did not recrystallize. The 
quantitative measure of the amount of 
recrystallization would correspond to the 
shaded areas. 

Although sample TW12 was plastically 
deformed prior to annealing, we might 
similarly consider such transformations if 
they should occur without prior deforma- 
tion—transformations more likely to occur 
for fine-grained samples. This would give 
two features of recrystallization: namely, 
(1) formation of new grains (nucleation) 
or the start of growth of old (or parts of 
old) grains, and (2) the growth of thesé 
grains. The quantitative measure of the 
amount of recrystallization would be 
the metal transformed through growth. 

Recrystallization in this sense might be 
subdivided into primary recrystallization, 
secondary recrystallization, and so on, ac- 
cording to order of occurrence following 
plastic deformation. Primary recrystalliza- 
tion could occur by nucleation and growth 
or by growth of grains already present; 
secondary recrystallization could occur 
theoretically by nucleation and growth as 
well as by grain growth, the usual expres- 
sion for the second transformation. 

The writer believes that the use of the 
term “‘recrystallization” in this sense 
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rather than the usual one would eliminate 
controversial viewpoints of the type 
recently expressed on results involving 
nucleation, recrystallization, and grain 
growth.!? 

In connection with strains in recrystal- 
lized grains, we know that it is easy to 
convert an elastic strain (produced me- 
chanically) into a plastic one by heating 
the elastically deformed grain until the 
elastic limit is exceeded. Moreover, we 
know that a cold-rolled grain may have 
both macroscopic and microscopic stresses 
within it. Should a nucleus, therefore, be 
formed before the stresses are removed, 
it might similarly undergo plastic deforma- 
tion as the stresses near it beccme relieved. 
If this explanation is approximately cor- 
rect (further experimental work is needed) 
it might be that the effect would be more 
pronounced for silicon ferrite when re- 
crystallization occurs below 750°C., the 
temperature used in sample H4A. 


CONCLUSIONS 


Recovery of the type called class 3 can 
occur to the extent of almost 1co per cent 
and thus produce sharp Laue spots in 
X-ray diffraction patterns. 

When a deformed grain consists of two 
structures or deformation bands, class-3 
recovery can- produce a sharp grain 
boundary between them as well as form two 
separate undistorted lattices. When a 
distorted grain consist of several regions 
differing in orientation, class-3 recovery 
can produce grain boundaries and thus 
complete the final step in a grain-refine- 
ment process. 

The distortion of the lattice of a grain 
adjacent to Neumann bands is of the 
nature of a spread in orientation of the 
order of one to four degrees additional to 
the spread in orientation of the lattice 
free of Neumann bands. 

A Neumann band within a deformed 
grain can be absorbed by the old grain 


during recovery or can grow asmall amount 
and then be absorbed. 

Although class-3 recovery may be rapid 
in the early part of a high-temperature 
anneal, usually it is far from complete 
after a few hours (temperature approxi- 
mately r1100°C.) and nears completion 
only in a time measured in days. 

The amount of recovery that occurs in a 
time of about 15 min. at 1100°C seems 
to be sufficient to reduce the rate of growth 
of a new grain to practically zero. More 
complete recovery of the type reported, 
therefore, should not only stop grain 
growth but should stop all recrystallization. 

A recrystallization nucleus formed in an 
anneal may be distorted sufficiently to show 
a spread of as much as two degrees in the 
orientation of its lattice. Consequently, all 
nuclei formed in an anneal are not free of 
plastic strains. 
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The Solubility of Hydrogen in Molten [ron-silicon Alloys 
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(Chicago Meeting, February 1946) 


DatTA on the solubility of hydrogen in 
iron-silicon alloys are of practical interest, 
as hydrogen causes gas unsoundness and 
embrittlement in iron and steel and is also 
a factor in the metallurgy of cast iron. 
Zapfie and Sims! have recently demon- 
strated that in deoxidized iron and steel 
castings gassiness and bleeding are pri- 
marily functions of the hydrogen content of 
the liquid metal. These authors also 
suggested convincingly that ordinary melt- 
ing and casting practice provides several 
sources of hydrogen for absorption by the 
metal. Norbury and Morgan,’ and Boyles 
have shown that dissolved hydrogen affects 
the graphitization of cast iron. Schneble 
and Chipman‘ included in a study of the 
effects of superheating on the properties 
of cast iron an investigation of the part 
played by hydrogen. Schwartz. Guiler 
and Barnett® investigated the significance 
of hydrogen in the metallurgy of malleable 
cast iron. A complete interpretation of 
investigations of this kind calls for equilib- 
rium values of the solubility of hydrogen in 
the liquid and solid phases. 

This work represents a portion of a thesis 
submitted by H. Liang in partial fulfillment 
of the requirements for the degree of Master 
of Science: from the Massachusetts Institute 
of Technology. Manuscript received at the 
office of the Institute Oct. 26, I945 Issued as 
T.P. 1975 in METALS TECHNOLOGY, February 
1946. 

* Graduate Student, Department of Metal- 
lurgy, Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

tT Assistant Professor of Process Metallurgy, 
Massachusetts Institute of Technology. 

t Associate Professor of Physical Metallurgy, 
Massachusetts Institute of Technology. 

1 References are at the end of the paper 


From the theoretical standpoint, the 
solubility of gases, especially hydrogen, 
may reveal some aspects of the nature of 
liquid metallic solutions. This was implied 
in the early work of Sieverts® on the effect of 
alloying additions on the solubility of 
hydrogen in copper. Recent work by 
Bever and Floe’ has shown that in liquid 
copper-tin alloys the solubility of hydrogen 
changes abruptly at the composition of the 
intermetallic compound Cu;Sn. It is of 
considerable interest to determine whether 
liquid alloys of iron also have compositions 
at which the solubility of hydrogen 
exhibits a discontinuous or otherwise 
unique behavior. 

Among the various alloys of iron the 
iron-silicon system is important because 
of the presence of silicon in various struc- 
tural alloy steels, transformer sheets, 
cast irons and special acid-resisting cast- 
ings. The various grades of ferrosilicon, 
finally, cover almost the entire remainder 
of the composition range. 

Published information on the solubility 
of hydrogen in iron-silicon alloys is 
meager. The first values for pure liquid 
iron were reported in 1910-1911 by 
Sieverts and Krumbhaar® and by Sieverts.® 
They found that 100 grams of iron absorbs 
28 c.c. of hydrogen at 1550°C. and one 
atmosphere pressure, and 31 c.c. at 1650°C. 
In 1938 Sieverts, Zapf and Moritz’® 
published a value of 26.3 c.c. at 1550°C. 
Data on the solubility of hydrogen in liquid 
iron-silicon alloys and in liquid silicon 
are not available. Martin" investigated 
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the solubility for solid alloys up to about 
5 per cent silicon in the temperature range 
from 400° to 1200°C. and found that silicon 
had only a small effect. The solubility of 


MOLTEN IRON-SILICON ALLOYS 


at a certain temperature and pressure and 
the so-called hot volume, which is the 
volume of an insoluble gas necessary to 
fill the furnace under the same conditions. 
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Fic. 1.—DIAGRAM OF APPARATUS USED FOR SOLUBILITY DETERMINATIONS. 


hydrogen in solid iron-silicon alloys has 
also been studied by Iwasé and Fukusima.!? 
Vaughan and Chipman" investigated the 
solubility of nitrogen in molten iron- 
silicon alloys. 

This paper presents the results of an 
investigation of the solubility of hydrogen 
in representative compositions of the iron- 
silicon system up to 65 per cent silicon 
at temperatures ranging from above the 
liquidus to 1650°C. and at one atmosphere 
pressure. 


EXPERIMENTAL METHODS 


In choosing between the two methods 
for the determination of gas solubility in 
liquid metals, the extraction method was 
rejected because of anticipated difficulties 
in quenching and analyzing the samples. 
The hot-volume method was therefore used. 
In this method, originally developed by 
Sieverts, the solubility is determined by 
finding the difference between the volume 
of the soluble gas admitted to the furnace 


Fig. 1 shows the layout of the apparatus, 
which consisted of the furnace proper, the 
gas-measuring system and the gas-purifica- 
tion equipment. 

The furnace, shown in detail in Fig. 2, 
was a modification of the furnace of 
Vaughan and Chipman.!* Its chief parts 
were a silica tube and a brass head joined 
together permanently by a picein seal. 
The brass head consisted of three sections. 
For charging and cleaning, the top and 
center sections could be removed in one 
piece. These sections could be separated 
in order to insert a glass shutter in a 
horizontal slot between them. The shutter 
was used to protect the glass window in the 
top section from fogging during the high- 
silicon runs. The glass fitted into an iron 
ring and could be moved out of the way 
by a magnet before temperature measure- 
ments were taken. 

In the preliminary experimental work, 
the metal was melted in alundum thimbles 
but the runs reported here were all made 
in beryllia crucibles backed by beryllia 
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sand. The crucibles were 30 mm. o.d. by 
80 mm. high, with a wall thickness of 
1 to 2 millimeters. 

In order to decrease the hot volume, the 
open space inside the furnace was reduced 


Cup for Picein Seal 
to Glass Tubing 


Brass Head 
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about o.5 per cent of impurities, chiefly 
nitrogen. The gas was passed through a 
furnace containing metallic calcium turn- 
ings at about 500°C. and then through a 
phosphorus pentoxide absorption tube. The 
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Fic. 2.—CROSS SECTION OF FI 


by a cylindrical sleeve of silica surrounded 
by silica rods. The sleeve and rods rested 
on an alundum disk, which was supported 
by the crucible as shown in Fig. 2. This 
arrangement allowed unhindered inspec- 
tion of the metal surface through the glass 
window along the central axis of the 
furnace. A Leeds and Northrup “Pyro” 
optical pyrometer was used for temperature 
measurements. 

The tank argon was reported to analyze 
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RNACE USED FOR SOLUBILITY DETERMINATIONS. 


tank hydrogen was treated in a furnace 
packed with platinized asbestos and heated 
to about 600°C. This unit was followed by 
an absorption tower containing silica gel 
and a U-tube containing phosphorus 
pentoxide. 

The purified gases were admitted to the 
measuring system by a two-way stopcock 
at the top of the burette. The burette 
had a capacity of roo c.c. and could be 
read to o.1 c.c. Mercury was used to 
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displace the gas. The two-way stopcock 
at the top connected the burette to the 
furnace. 

Two kinds of iron were used, electrolytic 
analyzing 99.9 per cent and iron made 
from electrolytic sheet under hydrogen 
and containing 0.08 per cent silicon. 
The latter had been prepared for some 
previous experiments. The metallic silicon 
analyzed higher than 98 per cent with iron 
the chief impurity. A silicon-bearing 
master alloy made by melting electrolytic 
iron under hydrogen and adding silicon 
was also used. With the induction equip- 
ment available, alloys containing more than 
about 70 per cent silicon could not be 
melted. 

The procedure for making a run was as 
follows: The furnace was charged by 
placing weighed amounts of charge con- 


stituents into the crucible and setting 


the fillers in place. The furnace was then 
closed, sealed to the system and evacuated 
for an hour or more. The charge was melted 
and held under vacuum for at least half 
an hour to extract any gases present. 
Hydrogen was then passed in for approxi- 
mately one hour to deoxidize the metal. 

The hot volume was next determined 
with argon. Burette readings were taken 
simultaneously with temperature readings 
until both the temperature and volume 
became constant. Owing to the large 
amount of refractory material inside 
the furnace, the time for reaching a 
steady state ran up to one hour. Readings 
at four to five different temperatures 
were sufficient to determine the hot volume, 
which is a straight-line function of tem- 
perature within the experimental error. 
The hot volume in the various runs 
amounted to 70 to go c.c. and its tempera- 
ture coefficient averaged minus 2.5 c.c. 
per 100°C, 

After determination of the hot volumes, 
the argon was evacuated and hydrogen 
was measured into the system. In the runs 
with alloy compositions dissolving large 
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amounts of hydrogen, it was necessary 
to refill the burette before the metal 
became saturated, as the sum of the hot 
volume and the volume of absorbed gas 
exceeded the capacity of the burette. 
The general procedure for obtaining read- 
ings with hydrogen was the same as that 
used with argon. The sequence of tem- 
peratures for observation was so chosen 
that some equilibrium values were estab- 
lished by raising the temperature while 
others were reached by cooling. This 
assured that the observed solubility read- 
ings represented equilibrium values. In a 
number of runs the hot volumes were again 
measured after the determinations of 
hydrogen solubility. 

The equipment and experimental proce- 
dure described in the foregoing was the 
result of considerable preliminary work. 
In particular, an end point could not be 
reached in the initial runs, since hydrogen 
disappeared at a rate of from 5 to 10 c.c. 
per hour. After considerable experimenta- 
tion, it was found that condensed water 
could exist inside the hot furnace along the 
water-cooled surfaces and it was suspected 
that near to the iron bath the alundum 
refractories used at that time might react 
with hydrogen. It was then decided to 
substitute beryllia crucibles and beryllia 
sand, and as a result of this change the 
drift of hydrogen ceased. 


RESULTS OF EXPERIMENTAL WORK 


Table 1 lists the volumes of hydrogen 
soluble in iron at one atmosphere pressure 
as a function of temperature. The values of 
Sieverts and collaborators*:!° are given 
for comparison. The iron used analyzed 
0.08 per cent silicon, but such a small 
amount has no appreciable effect on gas 
solubility. A plot of the solubility of 
hydrogen in iron as a function of tempera- 
ture gives a slightly curved line, but the 
accuracy of the values is not sufficient to 
establish this curvature definitely. The 
best straight line was therefore drawn 
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through the points, which resulted in a 
solubility value of 29.2 c.c. (S.T.P.) of 
hydrogen per 100 grams of iron at 1550°C. 
and one atmosphere pressure and a tem- 
perature coefficient of 3.3 c.c. per roo°C. 


TABLE 1.—Solubility of Hydrogen in Iron 
at One Atmosphere Pressure as a 
Function of Temperature 





| Hs | Temperature 
| (S.T.P.) Coefficient 

| Deg. | ‘in 100 | AH2/AT C.C. 
Grams | in 100 Grams 


Investigation 


|Fe,C.C.| per 100°C. 
This investigation. .| 1556 28.9 3.3 
| 1590 30.8 
1654 32.9 
1696 34.4 
1744 | 34.9 
Sieverts and Krumb- 
haar (1910)......| I§50 28.0 3.0 
1650 31.0 
Sieverts, Zapf and | 
Moritz (1938)....| 1550 26.3 





TABLE 2.—Solubility of Hydrogen in Iron- 
silicon Alloys at One Atmosphere 
Pressure—Observed Values 





He (S.T.P.) iH» (S.T.P.) 
Deg. | 2208 Deg. | 32 100 
Run C ‘| Grams Run C Grams 
Metal, . Metal, 
Cc C6. 
16 1696 34.4 17 1593 7-5 
1590 30.8 1428 6.2 
1654 32.9 1475 6.3 
1744 34.9 I5i9 6.1 
1556 28.9 
25 I4II 7.6 
22 1599 29.9 15609 9.4 
1688 32.5 1470 8.1 
I519 20.3 1592 9.7 
1646 31.4 
1545 27.4 24 1452 10.9 
1507 11.4 
20 I4It 78.9 1362 9.5 
1641 17.2 1572 Ir.9 
1470 13.9 165! 13.1 
1550 15.8 1403 9.2 
1342 11.3 
21 I4It 12.9 
18 I5II 9.0 1597 14.7 
| 1290 | 6.5 1300 11.7 
1611 10.0 1507 14.5 
1400 Ton 12306 cs.'2 
1250 5.8 
1428 7.9 27 1310 20.4 
1556 9.7 1549 22.6 
1611 23.5 
1385 21.5 





Table 2 gives the measured hydrogen 
solubilities for the various alloy composi- 
tions in the temperature sequence in which 
they were made. In Table 3 and Fig. 3 


these solubilities are presented for even 
temperatures; these values were found 
graphically on the assumption that the 
solubility is a straight-line function of the 
temperature. The solubilities may be read 
in two different units from Fig. 3. 


TABLE 3.—Solubility of Hydrogen (C.C. 
Hz. im 100 Grams of Metal) in Iron- 
stlicon Alloys at One Atmosphere 
Pressure and Various Temperatures 

















| Composition Temperature, Deg. C. 
R ae | 
No. | Wt. | At. | 
oe a | | | 
Per ee 
Cent | Cent | 1350 | 1400 | 1500 | 1550 | 1650 
| Si Si | 
| | 
ner: | | 
16 | 0.08) 0.28 29.2) 32.5 
22 1.78) 3.48 j | 25.5! 27.5) 31.6 
20 11.0 19.7 | II.5| 12.5] 14.4) 15.4] 17.4 
18 | 21.7 | 35.6 7.0| 7.6) 8.9) 9.5| 10.7 
17 | 31.5 | 47.8 6.0: 6.41- 6:81 3.3 
25 | 30.5 | 90.81 | 5. Si. 81 86:3 
24 | 45.7 | 62.7 | 9.3) 9.9 11.1) 11.8) 13.1 
2r | 51.5 | 67.8 | 12.7| 13.1] 14.0) 14.4] 15.3 
-7 77-7 | 20.9) 21.4) 22.4) 22.9 23.8 





DISCUSSION OF RESULTS 


The hydrogen solubility values for 
pure iron of Sieverts and collaborators 
and of this investigation show satisfactory 
agreement. No attempt will be made to 
evaluate the comparative accuracy of 
these results, but the possible sources 
of error occurring in this investigation 
will be discussed. These were changes in 
weight and composition of the metal bath, 
side reactions and adsorption, impurities 
in the gases used, inaccuracy of pressure 
and temperature measurements and ex- 
perimental difficulties inherent in the 
hot-volume method. 

The weight of metal charged in most 
of the runs ranged from go to 115 grams. 
After each run the metal that solidified 
in the crucible weighed less by 2.5 to 
11 grams. These losses were due to splash- 
ing caused by too rapid evacuation of 
hydrogen and to evaporation. The evapora- 
tion loss was mainly a function of time. 
Under the conditions of the experiments an 
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appreciable change in the composition of 
the alloys by fractional distillation was 
not likely to occur, which was confirmed 
by a comparison of the amounts of con- 
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The possibility that hydrogen was 
adsorbed on various parts of the furnace, 
and especially on the beryllia sand, should 
be considered. Since induction heating 
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Fic. 3.—SOLUBILITY OF HYDROGEN IN IRON-SILICON ALLOYS AT ONE ATMOSPHERE PRESSURE AND 
VARIOUS TEMPERATURES AS A FUNCTION OF COMPOSITION. 


stituents charged and the chemical analy- 
ses after each run. While there were no 
difficulties due to composition changes, 
weight changes had to be allowed for by 
finding the average loss of metal per hour 
and thus determining the probable true 
weight of the metal at the time each 
measurement of hydrogen solubility was 
made. This correction ignores the solubility 
of hydrogen in the lost metal. The error 
thus introduced is small, since much of the 
metal was probably at relatively low tem- 
peratures and dissolved little hydrogen. 

In the preliminary work a side reaction 
occurred between hydrogen and alundum, 
but was suppressed when beryllia was 
substituted for alundum. 


was used, the magnitude of the effect could 
not be determined in an empty furnace, 
but because of the high temperatures of 
most of the surfaces it was probably not 
large. 

The tank gases used were purified as 
described. However, the possibility of gas 
contamination through a leak in the 
purification system remained. Positive 
pressure was relied on to minimize this 
danger. If the hydrogen used had been 
contaminated with air, unduly high appar- 
ent solubility values would have been 
found, while contaminated argon would 
result in too large apparent hot volumes 
and consequently in too small hydrogen 
solubility values. 
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The solubility values were measured 


‘ at the existing barometric pressures. 


Owing to the square-root relation between 
the pressure and the solubility in metals 
of a diatomic gas (Sieverts’ law), the correc- 
tions for the difference between the 
observed barometric pressure and the 
standard pressure of one atmosphere were 
less than o.1 cubic centimeter. 

The temperature measurements were 
made with an ‘optical pyrometer. Since 
the bath was not under black-body 
conditions, and radiation was absorbed 
by the glass window, the temperatures 
read were not the true temperatures. The 
following correction formula was used: 


I I 
go eee 


where S is the true temperature and T 
the observed temperature in degrees 
absolute. K was determined repeatedly 
at the freezing point of electrolytic iron, 
which was taken as 1535°C. Actually, 
the emissivity of the metal surface of the 
various alloys differed from that of pure 
iron but the use of the K value thus deter- 
mined caused only a negligible error. 

Since the solubility of hydrogen was 
found by subtracting from the total 
hydrogen the hot volume determined with 
argon at the same temperature and 
pressure, any difference in the thermal 
behavior of the two gases affected the 
accuracy. It was found that with hydrogen 
in the furnace more power was required to 
maintain the metal at any one temperature 
than with argon and that the furnace walls 
glowed with brighter colors, which indi- 
cated that the thermal conditions above 
the bath were different. Consequently, 
the temperature distributions and hot 
volumes were also different. However, 
the accumulated experience of investigators 
in this field suggests that the difference 
in terms of gas volumes is not significant. 
Sieverts and Bergner™* have shown this 
specifically for nitrogen, argon and helium. 


Moreover, any error in hot volumes due 
to different thermal behaviors of hydrogen 
and argon was the same in all runs. For the 
solubility of hydrogen as a function of 
alloy composition, it would therefore only 
mean that all curves in Fig. 3 would be 
displaced in a vertical direction, but their 
shapes would not be affected. 

The hot-volume determinations were 
repeated in a number of runs after the 
hydrogen-solubility determinations. In sev- 
eral instances the later hot volumes were 
smaller than the earlier values. This can 
be explained by the fact that vaporized 
metal condensed along the upper crucible | 
walls and also stuck there if splashing 
had occurred. Such deposits acted as 
additional heating elements and raised the 
temperature in the furnace, which reduced 
the hot volume. In some cases the later 
hot volumes were found to be larger. 
This was probably caused by a change in 
the effect of the cooling water, since more. 
severe cooling increased the hot volume. 
The differences between the earlier and 
later values normally did not exceed one 
cubic centimeter. Since in these cases the 
average hot volume was used for calcula- 
tion of solubility, the probable error on 
this account amounted to about 0.5 c.c. 
or less. 

The results of this investigation show 
that the solubility of hydrogen in liquid 
iron-silicon alloys as a function of com- 
position decreases rapidly up to about 
33 wt. per cent of silicon. Above this 
composition the solubility increases again 
at a fairly fast rate. It is thus a minimum 
at 33 wt. per cent. This composition is 
equivalent to so atomic per cent and 
corresponds to the intermetallic com- 
pound FeSi. 

The existence of FeSi in liquid iron- 
silicon alloys has been postulated in the 
literature. In a comprehensive review of 
liquid alloys, Sauerwald® lists the iron- 
silicon system as one that forms com- 
pounds in the liquid phase with FeSi as 
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the compound. Herasymenko and Poboril"* 
applied a thermodynamic analysis to the 
iron-silicon system and concluded that iron 
silicide exists in the liquid alloys. They 
based this conclusion on the fact that solid 
FeSi melts congruently, on the shape of 
the liquidus-solidus curves near the melt- 
ing point of iron containing some silicon, 
and on the equilibrium 


2FeO (in Fe) + Si (in Fe) = 2Fe + SiO, 


Koérber and Oelsen! determined the heats 
of formation of molten iron-silicon alloys 
and found a maximum at the composition 


of FeSi. They interpreted this as an 


indication that FeSi exists in the melt. 
They further concluded from their experi- 
mental results that FeSi is dissociated to 
some extent and suggested that the primary 
dissociation products are probably Fe;Si2 
and FeSi. rather than iron and silicon 
atoms. 

The minimum in hydrogen solubility 
at the composition of FeSi can also be 
explained by the existence of FeSi in 
the liquid. No conclusion can be drawn 
from the curves in Fig. 3 as to the degree 
of dissociation or the composition of the 
dissociation products. 

From a practical standpoint, small or 
moderate additions of silicon have only a 
minor direct effect on the solubility of 
hydrogen. However, with silicon contents 
of 15 per cent, as in acid-resisting castings, 
the hydrogen solubility is reduced to an 
extent that may be of practical significance. 

Attention should be called to the fact 
that in accordance with Sieverts’ law 
the solubility of hydrogen is proportional 
to the square root of the pressure. Conse- 
quently, appreciable fractions of the solu- 
bility values at one atmosphere are 
associated with relatively small partial 
pressures of hydrogen. 


SUMMARY AND CONCLUSIONS 


The solubility of hydrogen in representa- 
tive compositions of the iron-silicon system 
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up to about 65 weight per cent silicon has 
been studied as a function of temperature 
and composition. The following results 
were obtained: 

1. The solubility of hydrogen in pure 
iron between the melting point and about 
1750°C. is nearly directly proportional 
to the temperature. The results agree 
satisfactorily with two previous deter- 
minations by other investigators. 

2. The solubility of hydrogen in molten 
iron-silicon alloys is a regular function of 
composition. It decreases rapidly from the 
value for pure iron with additions of silicon 
up to approximately 33 per cent by weight, 
or 50 atomic per cent, and increases again 
with a further increase in silicon. 

3. The minimum of hydrogen solubility 
at about 50 atomic per cent is interpreted 
as an indication that undissociated iron 
silicide FeSi exists in the liquid phase and 
that the undissociated compound has a 
smaller ability for the solution of hydrogen 
than either of the constituent elements. 
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DISCUSSION 


(Howard Scott presiding) 


C. A. Zaprre.*—lInvestigations such as this 
on the behavior of hydrogen in liquid metals 
are certainly much needed. 

Since a great deal of confusion persists re- 
garding the nature of hydrogen in iron and 
steel, attention should be called here to certain 
fundamental features of the research, which 
need be understood if misinterpretation of 
both its practical and its theoretical aspects is 
to be avoided; that is, hydrogen dissolves in 
metals as the atom H, not as the molecule Hz. 
According to Henry’s law, |H| is therefore a 
direct function of (H), not of Hg; and this 
function explains the square-root relationship 
with He, since Hz dissociates thermally to 
produce H according to a quadratic expression. 

Consequently, the partial pressure of (H) 
deserves first attention, rather than the partial 
pressure of Hg; and it must not be forgotten 
that the principal significance of the entity Pus 
is its convenience of meisurement in controlled 
experiments such as the present one. 

In most practical operations, hydrogen is 


* Consulting Metallurgist, Baltimore, Mary- 
land, 
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supplied not by He, but by the reaction of the 
metal with H,O: 


H,0 + M = MO + 2H 


For different metals, this equation lies more 
or less to the right, the stronger deoxidizers 
requiring, and developing, higher balancing 
pressures of (H). 

Consequently, silicon in iran by this mass- 
action factor alone can effect a greater absorp- 
tion of [H] than iron without silicon present, in 
contradiction to a hasty conclusion that one 
might draw from this paper. The pronounced 
liability of aluminum to pinholding from traces 
of H:O even at its comparatively low melting 
temperatures is an example of this fact; and 
Fig. 3 therefore may fail entirely to have 
practical significance regarding H absorption 
during ordinary melting of iron-silicon alloys. 
Under one atmosphere of He, aluminum 
scarcely absorbs measurable {H], simply be- 
cause the atmospheric pressure of (HZ) is so low. 

Lastly, Fig. 3 would be improved from a 
theoretical standpoint by expressing the [H] 
also in atomic per cent, or at least in relative 
volumes, since too grams of high-silicon iron 
differs considerably from the same weight of 
pure iron, both with respect to volume and to 
the number of mols involved. 


H. A. Scnwartz.*—-The writer is particu- 
larly interested in the use the authors have 
made of their solubility curves to demonstrate 
what they believe to be the existence of mole- 
cules in the liquid metal. This view, which 
has now become quite orthodox, was rejected 
a quarter of a century ago by most physical 
chemists. Its acceptance should greatly im- 
prove the understanding of constitutional 
diagrams, and more especially that of the 
equilibrium compositions. 

The authors have pointed to the fact that 
the solubility of hydrogen should vary at a 
given temperature with the square root of the 
partial pressure of that gas. This is a point 
not to be overlooked by the casual reader, for, 
although nothing very accurate is known about 
the partial pressure of hydrogen in a com- 
mercial melting furnace, that partial pressure 
is certainly small compared with the pressure 
of the atmosphere. Most steel melters believe 


* Manager of Research, National Malleable 
and Steel Castings Co., Cleveland, Ohio. 
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it to be good practice to add silicon as late 
in the heat as possible, and ascribe this prefer- 
ence to a desire to minimize a resorption of 
hydrogen. Indeed, it is quite easy to demon- 
strate the hydrogen pickup after the silicon 
addition. Since the present authors demon- 
strate a decrease in solubility in the low ranges 
of the silicon concentrations with that concen- 
tration, the steel melters’ practice must be 
otherwise explained, perhaps by an assumption 
concerning the incomplete removal of ferrous 
oxide by the time the heat is tapped. The 
hydrogen contents reported by the authors for 
low-silicon materials are of the order of ro 
times as great as those commonly observed in 
the practice of the National Malleable and 
Steel Castings Co. in steel that has stood in air 
for a considerable time—several months, for 
example. It is usual in those steels to find a 
hydrogen content of the order of 0.0002 per cent. 


Yuan H. Cuou* and G. Derce.*—A doc- 
torate thesis in the course of preparation pro- 
vides additional confirmation for the conclusion 
drawn in this paper, that FeSi exists in liquid 
iron as a very stable compound. Molten iron 
and silver form two immiscible liquid layers. 
The distribution of various alloying elements 
in iron between these two liquids has been 
studied and the data for silicon are of interest 
in connection with the title paper. Liquid 
silicon and silver are miscible in all proportions, 
but when iron and silver layers are brought 
together almost all of the silicon is found in 
the iron layer. This is interpreted as indicating 
some compound of iron and silicon that is only 
very slightly dissociated, resulting in a very low 
silicon activity in the iron. The distribution 
has a definite temperature coefficient, which 
indicates that the transference of silicon from 
the silver layer to the iron layer is accompanied 
by an evolution of heat, which amounts to 
4600 cal. at a concentration of 30 per cent Si in 
iron. 

Another interesting experimental observa- 
tion is that more power is required to maintain 
a given metal temperature with a hydrogen 
atmosphere than with argon. We have observed 
the same difference between nitrogen and 
helium and have explained it by the higher 
thermal conductivity of helium. 


* Metals Research Laboratory Carnegie In- 
stitute of Technology, Pittsburgh, Pennsylvania. 
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H. Lianc, M. B. Bever and C. F. FLoEe 
(authors’ reply).—Chou and Derge’s findings 
on the distribution of silicon between molten 
silver and iron are novel and of genuine 
importance. The publication of their work is 
awaited with interest. 

The authors do not agree with Dr. Zapffe 
on the predominant role ascribed by him to the 
partial pressure of monatomic hydrogen. It is 
true that a small concentration of monatomic 
hydrogen exists in the gas phase, owing to 
the dissociation of molecular hydrogen, and 
that hydrogen dissolves in iron in the atomic 
state. However, from the standpoint of equi- 
librium the partial pressure of monatomic 
hydrogen in the gas phase may be disregarded. 
The dissolved hydrogen is in equilibrium with 
the monatomic gaseous hydrogen, which in 
turn is in equilibrium with the diatomic 
gaseous hydrogen. The dissolved hydrogen 
is thus also in equilibrium with the diatomic 
hydrogen. Thermodynamically it does not 
matter which view one takes. In either case 
the square-root relation (Sieverts’ law) holds 
However, from the standpoint of the rate and 
mechanism of solution it is very likely that 
hydrogen molecules are decomposed at the 
surface of the metal. In its kinetic effect this 
latter process. at the gas-metal interface 
probably far outweighs the homogeneous 
thermal dissociation of molecular hydrogen. 

The type of reaction investigated in the 
present paper is not the only way in which a 
metal may absorb hydrogen. The role of water 
vapor as a source of hydrogen is well recog- 
nized. Dr. Zapffe’s comments on this point 
are especially helpful from a practical stand- 
point. In his equation, the metal M may be 
iron itself. It is understood that experiments 
have been made that show that molten iron 
may absorb a great deal of hydrogen if water 
is allowed to drip on to the surface of the 
bath. 

The remarks made by Dr. Schwartz on 
industrial experience are of interest. His 
observations as well as those of others show 
that the process of hydrogen absorption in 
melting practice is complex. The fundamental 
reactions are the reduction of water vapor and 
direct absorption of hydrogen, but they are 
complicated by the state of oxidation of the 
metal, the effect of alloy elements and other 
factors. 











Some Factors Affecting Edgewise Growth of Pearlite 


By W. H. Branpt* 


New York Meeting, October 1945) 


THERE has been much progress in the 
last two decades in understanding the 
hardenability of steel. Roughly, the prog- 
ress has been along two lines, which may 
be designated as empirical and funda- 
mental. This empirical work has progressed 
to the point where steels may be manu- 
factured to the desired characteristics quite 
closely and heat-treatment and application 
problems can be approached with con- 
siderable confidence. Particularly note- 
worthy among the empirical work is that 
of Grossmann,!? who has given formulas 
for calculating hardenability as a function 
of composition, and the establishment of 
the isothermal transformation curve by 
Davenport and Bain.'* The latter does not 
fall entirely in the class of an empirical 
study, for while it provides a means of 
presenting a tremendous amount of em- 
pirical data in the form of a single curve, 
it also outlines clearly the problems that 
face the fundamental investigator. 

The isothermal transformation curve 
shows clearly that the phenomena occurring 
in the neighborhood of the knee of the 
curve are those that limit the hardenability 
of steel. Above the knee of the curve, the 
product of decomposition of austenite is 
lamellar pearlite and fundamental progress 
has consisted chiefly of a detailed study of 
structure and formation of pearlite, largely 
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12 References are at the end of the paper. 


at the hands of Mehl and his collabo- 
rators.'~5 They have shown that formation 
of pearlite proceeds by a process of nuclea- 
tion and growth and they measured both 
the nucleation and growth rate. However, 
there is still a wide gap between our empiri- 
cal knowledge and fundamental knowledge, 
owing largely to the fact that there is no 
satisfactory theory of nucleation rate or of 
growth rate. This paper is being written in 
an attempt to fillin a small part of the gap. 

A method was presented recently for 
calculating the velocity of edgewise growth 
of pearlite using an expression for the 
carbon concentration that satisfies the 
diffusion equation. The edgewise velocity 
of pearlite growth in a plain carbon eu- 
tectoid steel was calculated, using linear 
extrapolations of the ferrite and cementite 
solubilities. While the results are in fairly 
good agreement with the experimental 
facts, the calculated velocity of edgewise 
growth is smaller at 600°C. than G, the 
radial growth velocity of pearlite nodules, 
whereas one would expect it to be larger. 
In this paper the calculation will be re- 
peated using a new extrapolation for the 
ferrite solubility, which gives better agree- 
ment between G and V, the calculated 
velocity of edgewise growth. A calculation 
will also be made of the effect of carbon 
content on velocity of edgewise growth, 
and the problems of calculating the effects 
of other alloying elements on growth rates 
will be discussed. 

It will be assumed that the mechanism of 
pearlite growth, established by Mehl and 
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others,'~® is substantially correct; i.e., that 
the rate of transformation of austenite to 
pearlite is determined by two factors, NV, 
and G, where N, is the nucleation rate. 
In the discussion it will be assumed that G 


so the first three terms only are used and 
the following is obtained: 


C — Ca = Keer? + Kye%? cos by = [1] 


where C is the carbon concentration, C, is 



























































1000 
E 
AUSTENITE ? NE er LINEAR 
G EXTRAPOLATION 
900 
aa CURVED 
o AUSTENITE + CEMENTITE EXTRAPOLATION 
a 
© 800 3- 
w! - 723°C 
> 700 a 
< / — 
e — 
a / in —_— — 
= / Tx. ‘ire... — 
Y 600 H—/  —— 
- t i bees ——) 
e———— 
FERRITE] + CEMENTITE 
500 - 
400 
0 ' 2 3 4 5 6 


PER CENT CARBON 
. FIG. 1.—IRON-CARBON CONSTITUTION DIAGRAM. 
Showing extrapolations of the ferrite and cementite solubilities. New extrapolation of the 
ferrite solubility is to the right. (Metals Handbook, Amer. Soc. for Metals, 1939, 355.) 


is substantially equal to V, an assumption 
that is justified within present limits of 
experimental accuracy by the agreement 
between calculated values of V and experi- 
mentally determined values of G. Except 
where otherwise stated, all calculations will 
be made for a plain carbon eutectoid steel. 


THE THEORY 


Since the discussion will require certain 
equations, these will be presented by a 
brief recapitulation of the theory. 

If the diffusion equation is transformed 
to a set of coordinates moving with the 
pearlite-austenite interface, which is as- 
sumed to grow with constant velocity, a 
solution for the carbon concentration may 
be derived in the form of an infinite series 
of terms. One does not have enough knowl- 
edge of boundary conditions to determine 
an infinite number of arbitrary constants 


the original carbon concentration in austen- 
ite, Kyo and K, are arbitrary constants, 


b, = < ) [2] 

a= - ua [3] 
6 J V\2 4T\ 2) 34 
cn, we ae 

1 [4] 


So being the pearlite spacing, V the velocity 
of edgewise growth and D the diffusion 
coefficient. Defining C.; as the carbon 
concentration in austenite at the center of 
the ferrite-austenite interface, C,. as the 
carbon concentration in austenite at the 
center of the cementite-austenite interface 
C. as the carbon concentration in cementite 
and Cy as the carbon concentration in 
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ferrite (equals the solubility of carbon in 
ferrite), one obtains the equation, 


2 
LitP41 
P=1+WN a [s] 
M+L'tP 
where 
. U. nage te 
elas 952 8 [6] 
Ce — Cy 
+“ iv 
Cus oa Ce 
M = ao o [8] 
and 


4 V 2) 72 
De : : is lo] 
} I + (5. D) f LY) 
When JN, M, and L are known, Eq. 5 can 
be solved for P by successive approxima- 
tions and V calculated by use of Eq. 9, 
which can be more conveniently written 


:, See a £2, 

VY = So (P? —1)-“% = So V. {10} 
where 

V, = (P? —1)-* [ra] 


The shapes of the cementite-austenite and 
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ferrite-austenite interfaces are given by the 
equations, 


Pees [12] 
. ~ sin dbyyo ie 
and 

on i pee iw 
. ~ (C. — Ca) sin 6;(So/2 — yo) 3 


where x9 and yo are the interface coor- 
dinates. At the center of the ferrite-austen- 
ite interface Eq. 13 becomes 

68 = Cy 


e4i7s = : - 
lie wee Co 


where x, is the x-coordinate of the’ center 
of the ferrite-austenite interface. 

N, M, and L are determined by identify- 
ing C,- and Ca; with the extrapolations 
of the ferrite and cementite solubilities 
below the eutectoid temperature and calcu- 
lating the corresponding values from Eqs. 
6, 7 and 8. When these extrapolations are 
linear, as shown dotted in Fig. 1, the corre- 
sponding velocity of edgewise growth for a 
plain carbon eutectoid steel is that given 
by the dotted curve in Fig. 2. In this calcu- 
lation, the values of the diffusion coefficient 
were extrapolated from the data of Wells 
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Fic. 2.—CALCULATION VALUES OF V SUPERIMPOSED ON G CURVES OF HULL, COLTON, AND MERL.* 
V-curve to the right corresponds to the curved extrapolation of Fig. 1. Curve J was obtained 

on a high-purity plain carbon steel; all other curves were obtained on “commercial” steels con- 


taining various impurities. 
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and Mehl’ and the interlamellar spacing 


data were obtained from a curve given by 
Pelissier, Johnston, Hawkes and Mebhl.* 
A model showing the interface shape and 


and unfortunately one’s knowledge of 
boundary conditions is not sufficiently 
good in this case to permit rigorous proof. 
However, the lamellar structure and its 





Fic. 3.—MODEL OF THE CARBON CONCENTRATION NEAR THE PEARLITE INTERFACE. 
Surface of cementite lamellae is black, surface of ferrite lamellae is white and surface repre- 
senting the carbon concentration is gray. The original carbon concentration in austenite, C, 
is shown by the dotted line at the side of the figure. 


the corresponding carbon concentration is 
shown in Fig. 3. 


EXISTENCE OF LAMELLAR STRUCTURE 


Eq 1 requires regular lamellar structure 
as a boundary condition. It does not rigor- 
ously prove that growth must be lamellar, 
and, in fact, one cannot expect that the 
solution to the diffusion equation will 
prove that lamellar structure does exist. 
It can only indicate the possibility of 
lamellar structure, as by the occurrence 
of a periodic term in Eq. 1. The proof of 
actual existence can result only from 
application of the boundary conditions, 


regularity may be shown to follow quali- 
tatively from the assumption of a constant 
velocity of growth.* 

The growth of pearlite involves the 
diffusion of carbon in austenite from a high 
concentration at the ferrite-austenite inter- 
face to a low concentration at the cement- 


* This is an assumption rather well justified 
by the experimental proof of Hull and Mehlé 
that G is a constant in a given steel at a given 
temperature. 

After nucleation, lamellar structure must 
be established before G and V can achieve a 
constant velocity. The same authors have 
given a mechanism whereby this can happen 
and have shown that the time required is very 
small compared with the period of growth 
of a nodule. 
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ite-austenite interface. Both ferrite and 
cementite must be present at the boundary, 
and it is clear that the growth of each must 
be continuous if the velocity is to remain 





The regularity of the lamellae follows from 
the fact that the rate of growth is inversely 
proportional to the spacing as given in 
Eq. to. Any lamella that is larger than the 


Fic. 4.—ELECTRON MICROGRAPH (X 11,000) OF PEARLITE SHOWING BRIDGES BETWEEN CEMENTITE 
LAMELLAE (COURTESY OF R. F. MERZ). 
Occasional bridges may be seen in the area at the center of the picture. Region of more fre- 
quent bridging is at lower right. Reaction temperature was probably 640°C. 


constant, as has been assumed. In two 
dimensions, this means that the growth of 
ferrite and cementite will be in lamellae.* 


* Growth could conceivably be in the form 
of cementite rods in a ferrite matrix and the 


solution of the diffusion equation in three 
dimensions allows for this possibility. Because 
of lack of detailed knowledge of the boundary 
conditions, it is not clear why pearlite does not 


grow in this form. 


average will lag behind its thinner neighbors 
and immediately the neighbors will en- 
croach upon it and grow wider at its 
expense, thereby making it narrower. It 
will then grow at a more rapid rate until it 
overtakes its neighbors. A lamella smaller 
than average -will grow in advance of the 
interface, become wider by the reverse 
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process, and slow up. The net result is a 
substantially uniform spacing. Some fluctu- 
ations in spacing are to be expected as a 
result of this mechanism, and for other 
reasons. Such fluctuations are found ex- 
perimentally.® 

The same process should enable pearlite 
to engulf a_ discontinuity in the austenite, 
such as a small inclusion that has not caused 
nucleation, without a permanent disruption 
of its regular structure. 

These remarks clearly are valid only 
when two phases are growing simul- 
taneously at the expense of a third. When 
only a single phase is growing, or when two 
phases grow alternately, as in sidewise 
growth of pearlite, the assumption of a 
constant velocity of growth and of a 
carbon concentration independent of time 
can no longer be made. Obviously it is 
also possible to have two phases growing 
simultaneously in nonlamellar form when 
the velocity of growth is not a constant. 


EXTRAPOLATIONS OF FERRITE AND 
CEMENTITE SOLUBILITIES 


The agreement of V with G, using the 
linear extrapolations of Cay and C.. 
(Fig. 2), is rather good for the commercial 
steels A and B, considering that precise 
agreement is not to be expected and con- 
sidering the accuracy with which the 
spacings, the diffusion constant and the 
ferrite and cementite solubilities are known. 
The disagreement at the higher tempera- 
ture is not perturbing since the impurities 
in the “‘commercial”’ steels probably affect 
the upper temperature limit of pearlite 
growth. Spacing data are not known for 
steel J, which is of high purity, so the 
disagreement in this case is not surprising. 
However, at the lower temperatures, one 
would prefer that V be somewhat greater‘ 
than G. This desideratum, plus the fact 
that the ferrite and cementite solubilities 
are at least a part of the key to the effect 
of alloying elements on growth rates, is 


sufficient inducement to reexamine the 
extrapolations of these solubilities. 

The cementite solubility is the least 
important of the two, as it has little 
effect on the velocity of growth in the 
region near the knee of the S-curve 
(Fig. 7), although the effect percent- 
agewise is appreciable near the Ae, 
temperature. Furthermore, the linear extra- 
polation can be made with some confidence 
in this case, since the curve is linear above 
Ae;. In the case of the ferrite solubility, 
however there is curvature above Ae, 
and it is obvious that continuing this 
curvature below Ae, will give better 
agreement with the experimental G values. 
However, there is an upper limit to the 
value that may be assigned to the ferrite 
solubility, and it is the determination of 
this limit that suggests an interesting 
mechanism’ that may control the lower 
temperature limit of pearlite growth. 

In the following discussion, the symbol 
T, will be used to refer to the temperature 
below which lamellar pearlite ceases to 
form. It is not a sharply defined tempera- 
ture, but probably corresponds, or nearly 
so, with the temperature of the “knee”’ 
of the isothermal transformation curve. 

It is clear that the carbon concentration 
ahead of a ferrite lamella cannot be 
higher (or only very little higher) than the 
carbon concentration in cementite, since 
this would cause the nucleation rate of 
cementite to be infinite ahead of the ferrite- 
austenite interface and stop lamellar 
growth in an edgewise direction. If this 
is in fact the phenomenon that limits the 
lower temperature of pearlite growth, it 
enables one to determine approximately 
the last point of the ferrite solubility curve 
and to draw the curve reasonably ac- 
curately. Such a curve has been drawn and 
shown in Fig. 1 (dashed) using 580°C. 
as T, and 6.68 per cent as C,. The corre- 
sponding value of V is shown dashed in 
Fig. 2, the numerical data being given in 
Table 1. The values of So and D are the 
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same as those used in the earlier calcu- experimental fact, which may be cited in 
lation. The agreement with the G values is support of this theory of the limitation of 
improved over those resulting from the pearlite growth. If the theory is correct, 
linear extrapolation. the disruption of lamellar structure should 

Furthermore, there is an independent occur gradually as the temperature is 
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Fic. 5.—ELECTRON MICROGRAPH (SHOWN BY MEHL?) OF A SAMPLE OF PEARLITE REACTED ISO- 


THERMALLY AT 580°C. X 30,000. 
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decreased and there should be visual 
evidence of this on photomicrographs. 
Fine pearlite, since it is formed near the 
knee of the curve, should show evidence 
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PER CENT CARBON 
Fic. 6. CALCULATED CHANGE IN JV, 
CHANGING CARBON CONTENT (600°C.) 





WITH 


of occasional nucleation ahead of the ferrite 
lamellae, and as the temperature is gradu- 
ally lowered this nucleation should become 
more and more frequent until finally the 
regular lamellar structure ceases to appear 
altogether. Fortunately, within the past 
few years, the electron microscope has 
made it possible to resolve these fine 
structures satisfactorily, and one of the 
earliest papers describing the use of the 
electron microscope in metallurgy? men- 
tions the occurrence of ‘‘bridges’”’ in fine 
pearlite. Quoting from that lecture: 


Figure 20 at 30,000 diameters of pearlite 
formed at 1075°F. (580°C.) shows an effect 
which has frequently been noted in very fine 
pearlites, an effect which appears to become 
more pronounced as the temperature of forma- 
tion is decreased: namely, that the cementite 
occasionally seems to bridge the Jamellae, i.e., 
occasionally to cross-connect one cementite 
layer with the next. 


The writer has obtained from Dr. 
Mehl another excellent electron micro- 
graph (Fig. 4), which shows an area in the 
center of very regular lamellar structure 
with just occasional “bridges” and another 
area, lower right, in which the “bridging” 
is so frequent that the structure is almost 
cellular. Mehl’s Fig. 20 (reproduced here 
as Fig. 5) shows a rather more advanced 
disruption of lamellar growth than Fig. 
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4; in fact, the regularity of lamellar 
structure has almost entirely disappeared.* 

These “bridges” are almost precisely 
what one would expect from occasional 
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Fic. 7.—CRITICAL COOLING RATE AS A 


FUNCTION OF CARBON ACCORDING TO DIGGEs.?® 


nucleation ahead of ferrite lamellae; and 
as the nucleation rate is further increased, 
one would expect further disruption of 
lamellar structure as shown in Fig. s. 

The evidence (Fig. 4) is quite convincing 
of a nonlamellar ferrite-cementite aggregate 
occurring near the knee of the S-curve. 
This should probably not be identified 
with bainite, since bainite does not appear 
to be closely related to pearlite, at least 
in its mode of formation.’ It seems reasona- 
ble, in the. light of this theory, to think 
of it tentatively as a form of pearlite. 

It is to be expected on the basis of this 
theory that changing carbon content in a 
plain carbon steel would not affect T,, and 
if T, coincides with the temperature of the 
“knee” of the isothermal transformation 
curve, this should be unaffected. 
Data so far seen by the writer do not 
permit the checking of this point. The 
presence of other alloying elements may 
change T, and the temperature of the 
“knee,” and this is clearly the case.f 
It is, furthermore, to be expected that 
proeutectoid ferrite would never form below 
T,, at least in plain carbon and low alloy 


also 


* The discontinuity of cementite in Fig. 5 
may be due to imperfections in the replica. 
However, there is little doubt that the structure 
is quite different from regular lamellae. 

fT This point may be checked by a study of the 
Atlas of Isothermal! Transformation Diagrams, 
published by the United States Steel Corpora- 
tion. 
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steels, since any formation of ferrite would 
nucleate cementite. 


EFFECT OF CARBON CONTENT ON PEARLITE 
GROWTH 


the carbon content of a 
steel affects only the directly observable 
quantity C, in Eq. 5, and therefore it is 
possible to calculate the effect on V, 
quite simply. The resultant curve at 600°C. 
is shown in 


A change in 


Fig. 6. There are no experi- 
mental data against which Fig. 6 may be 
checked directly, but Fig. 7, from Digges,'° 
is given for comparison of V, with the 
critical cooling rate. The calculated vari- 
ation in V, with carbon content is some- 
what proportionally than the 
variation in critical cooling rate. Possible 
changes in spacing with carbon content 
and the appearance of proeutectoid ferrite 
at lower carbon content are reasons for 
expecting some difference in the pro- 
portionality of the curves,* but the change 
in V, is in the right direction and of the 
right order of magnitude to explain the 
change in hardenability with 
carbon content. 

The data from which Fig. 6 is plotted are 
given in Table 2. As the carbon content 
decreases, Ky and K, increase, and at the 


greater 


changing 


* The exact relationship between V, and 
critical cooling rate is not known. According 
to Hull, Colton, and Mehls 


T «a 
= =< N,Gi,4 
{® =1-—e 3 
where f(t) is the fraction of austenite trans- 


formed (isothermally) to pearlite, ¢ is the time, 
N, is the nucleation rate (assumed con 
and G the radial growth rate of pearlite nodules. 

When f(t) is held constant, as was done in 
Digges’ experiments, 


tant 
Sballt 


; = KG%n,% 


where K is a constant. The reciprocal of the 
time required for a constant percentage of 
transformation is proportional to the three- 
fourths power of G. One would expect that the 
reciprocal of the reaction time would be ap- 
proximately proportional to the three-fourths 
power of V, provided that the pearlite spacing 
does not change with carbon content. 

Since Digges’ experiments were not carried 
out isothermally, one cannot carry the analysis 
further, but it is clear that a plot of vV.% would 
be more nearly of the shape of the critical 
cooling-rate. curve. 
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same time the pearlite-austenite interface 
becomes flatter; that is, the ferrite leads 
the cementite by a smaller distance. 
The rate of growth is faster when the 
amount of carbon to be moved is smaller, 
but is not proportional to the reciprocal 
of the carbon content. 

The predictions of the theory with 
regard to changing carbon content offer 
the most attractive possibilities of being 
directly checked by experiment. The 
variation in G with carbon content can be 
measured. This can be compared with V 
if Sp and D are known. The appearance of 
proeutectoid ferrite, however, may be a 
serious complication in such an experi- 
mental study. 

The variations of the shape of the 
pearlite-austenite interface with carbon 
content may or may not be observable. 
A survey of dozens of unpublished micro- 
graphs of steels partially reacted to pearlite, 
taken by F. C. Hull, has failed to show any 
preference for the shape indicated in Fig. 
3, although it does appear occasionally. 
It seems probable that enough growth of 
ferrite or cementite or both will occur 
during quenching to change the shape that 
existed during isothermal growth. 


EFFECTS OF ALLOYING ELEMENTS ON 
PEARLITE GROWTH AND 
HARDENABILITY 


While the effect of carbon content on 
V. permits direct calculation, the effects 
of other alloying elements are very complex 
since they may involve changes in Cz, Cy, 
C., Caz, and Cae. Since the effect of C. was 
calculated in the preceding section, it will 
not be necessary to consider it further 
except to point out the obvious fact that 
Fig. 4 may be used to explain effects due 
to the presence of a third element on Ca, 
such as the effect of incomplete solution 
of carbides on hardenability. It is well 
known experimentally that this effect is 
similar to the effect of decreasing carbon 
content. 
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The simplifying assumption that C,, C., 
Cas, and Cae have the same value during 
growth as in static equilibrium, although 
it worked reasonably well with plain carbon 
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In discussion of hardenability, one must 
consider a fifth factor, T,. If an alloying 
element changes 7, upward. it should have 
the effect of improving hardenability, 
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Fic. 8.—V, AS A FUNCTION OF Cay, Cac, Ce, AND Cy AT 600°C. 
Dotted lines show values used in calculation shown in Fig. 2 for a plain carbon eutectoid steel] 


(curved extrapolation). 


steel, becomes dangerous in connection 
with an alloy steel. There is the additional 
difficulty that nearly all experimental data 
concern hardenability. It would be much 
easier to study the effects of alloying ele- 
ments if the effects on G were known. In 
spite of these difficulties, it is instructive to 
anaiyze certain simple hypothetical cases. 

As pointed out earlier, the rate of trans- 
formation of austenite to pearlite is deter- 
mined by two quantities: V, the nucleation 
rate, and G, the radial growth rate of 
pearlite nodules. The agreement between 
V and G (Fig. 2) indicates that they are 
proportional, so that it is substantially 
correct to say that G is determined by D, 
So and V, (Eq. ro). 


provided that 7, corresponds to the knee 
of the S-curve, since the rate of transform- 
ation decreases as the temperature is raised. 
This discussion will be limited to V, and 
T,, as nothing further can be learned about 
N, So and D by this type of treatment. 
V, will be considered first. 

Although we do not know how Cay, Cac. 
C., and C; change when an alloying element 
is added to a steel, it is possible to calculate 
V. for any value of each of these variables. 
This has been done for each variable over a 
range of values, including the one (dotted 
line) used in making the improved calcu- 
lation of V at 600°C., holding all other 
variables constant (Fig. 8). The dotted 
lines may be thought of as representing 
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the most probable values of the variables 
for a plain carbon eutectoid steel. The 
range of values given in Fig. 8 for each 
variable probably represents the maximum 
change that one would expect to find with 
the addition of a small percentage of an 
alloying element. 


TABLE 1.—Values of P, V., and V Calcu- 
lated from New Extrapolation of Figure 1 











T Pp Ve logieo V (=) 
580 1.69 0.736 7.1I-10 
600 2.10 0.544 6.97-10 
650 5.39 0.188 6.52-10 
700 32.4 3.18 X 10°? 5.73-10 
720 | 320. | 3.13 X 1073] 4.71-10 





V.is almost unaffected by changes in Cac. 
C. has somewhat more effect but only de- 
creases V, (and improves hardenability) 
when it is increased above 6.68 per cent, 
and then the effect is small. V, increases 
with increasing C,, and since C; is already 
very small (0.029 per cent) in a plain carbon 
steel, the effect is in the wrong direction. 
Only C.; can decrease V, by the orders of 
magnitude required to explain the several 
fold changes in hardenability found with 
the addition of a single per cent of alloying 
element. 

The only clue to the behavior of C.; when 
alloying elements are added is the behavior 
of the ferrite solubility above the eutectoid 
temperature. It is instructive to calculate 
the corresponding change in V, for the case 
of manganese. According to curves given 
by Bain,'! the addition of one per cent 
manganese to steel shifts the eutectoid 
temperature downward by about 3°C. and 
the eutectoid carbon concentration to 
0.74 per cent. This is equivalent to a 
change in the ferrite solubility of about 
0.3 per cent. If C., shifts correspondingly 
from 5.0 to 4.7 per cent, it will be seen 
that the effect on V, is only about 5 per 
cent, in contrast to the several fold changes 
in hardenability due to the addition of one 
per cent manganese. 
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Bain’s curves also indicate that the 
shift in ferrite solubility, caused by the 
addition of alloying elements, is approxi- 
mately linearly proportional to the amount 
of element added. This being the case, one 
would expect that the shift in C.; with 
the addition of alloying elements would not 
be far different and, therefore, one would 
expect from the curve shown in Fig. 8 
that the first added increments of the 
alloy addition would have less effect than 
further increments, since a much lower 
change in Cay is required to reduce V, by 
any given factor as C., becomes smaller.* 


TABLE 2.—Variation in P, V., K,, Ko, and 
x;/Soq with carbon content at 600°C. 

















Per CENT 
Cc P Ve | Ks K. | 2 
| So 
| | 
sia | j 
0.20 z.29 5.26 —77.8| 78.1 | 0.05 
0.40 1.29 1.48 —42.6|) 42.7 0.13 
0.60 1.75 0.70 —16.2!) 16.1 0.19 
0.80 2.10 0.54 | —10.7] 10.4 | 0.19 
1.00 2.45 0.45 — 7.8 7-3 | 0.18 
| 





According to Grossmann,’? the opposite is 
true; that is, the first added increments of 
an alloying element have a relatively more 
important effect than further increments. 
It appears, therefore, that changes in V, 
due to changes in C,y with the addition of 
an alloying element are unlikely to con- 


stitute an important part of the effect of 


* This is particularly true if the changes in 


‘Cay are large enough to affect V, appreciably. 


For example, suppose Cay changes sufficiently 
with the addition of one per cent of an alloying 
element to reduce V, by one-half. From Fig. 8, 
it will be seen that Cay will then be equal to 
approximately 2.75 per cent C, the reduction 
being 2.25 per cent C. The addition of one 
more per cent of the alloying element would 
then be expected to reduce V, nearly to zero, 
which clearly does not happen. 

With this in mind, the arguments first 
given appear to be somewhat mutually sup- 
porting and can be restated as follows: The 
change in V, with Cay is either numerically 
negligible or it is not. If it were not, the first 
added increments of an alloying element would 
be less effective in hardenability than further 
increments, which would be contrary to Gross- 
mann’'s studies. Therefore, one concludes that 
changes in V,, due to changes in Cay by addition 
of an alloying element, are not important in 
hardenability. 
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that element on hardenability, and there- 
fore, since changes in V, with C., Cs, and 
Cae are small or in the wrong direction, it 
appears unlikely that changes in V, are 
numerically very important in hardenabil- 
ity effects of alloying elements. 

By contrast it appears that changes in 
T, with the addition of an alloying element 
are likely to be much more important 
numerically. The S-curve shows that any 
factor that turns the knee of the curve at 
20°C. higher temperature will decrease 
the critical cooling rate by a factor of from 
2 to 4. It seems, furthermore, quite 
possible that a single per cent of an alloying 
element could have this effect, although it 
will be impossible to estimate such effects 
until the mechanism is better understood. 
Since 7, may be determined by nucleation, 
it is not safe to conclude that hardenability 
is not influenced by C., Cy, Cac, and Cay, 
even though it does appear that V, is not 
greatly affected by these variables. They 
may also have an effect on the pearlite 
spacing, So, and therefore on V and G, 

These rather complex considerations 
make it seem somewhat less surprising 
that practically no correlation has been 
found to date between the effects of alloying 
elements on the ferrite and cementite 
solubilities and the effects of alloying 
elements on hardenability. 


CONCLUSIONS 


1. The assumption that the lower 
temperature limit of pearlite growth is 
reached when the carbon concentration in 
austenite ahead of the ferrite-austenite 
interface reaches the carbon concentration 
of cementite leads to improved agreement 
between the calculated velocity of edgewise 
growth and experimentally observed G 
values. 

2. The same assumption leads to an 
explanation for the “bridges” and for the 
breakdown of lamellar structure found on 
electron micrographs of fine pearlite. 

3. The effect of carbon content on V, 


has been calculated. The effect is greater 
proportionally than the effect on critical 
cooling rate determined experimentally by 
Digges, but is in the right direction and of 
the right order of magnitude. 

4. The theory indicates that the effects 
of alloying elements on V, are probably 
not of great importance in hardenability 
except as the alloying elements change the 
effective carbon content of austenite. 

5. Effects of alloying elements on T7,, 
the lower temperature limit of pearlite 
growth, may be of such a magnitude 
as to be of importance in hardenability. 
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DISCUSSION 


(J. B. Austin presiding) 


J. B. Austtn.*—I have one question, if the 

chairman may put in his question first. I 
have a little difficulty, I must confess, in 
adjusting my mental processes to changes in 
nomenclature. I think I have gotten fairly 
accustomed to Dr. Zener’s AG instead of the 
AF that I was raised on, and now I find that 
the G and N values that I had been accustomed 
to are appearing in new guises. I should 
like to ask Dr. Brandt to explain a little more 
the relation between his V and the quantity G, 
which Dr. Mehl and his associates used, 
particularly because he made the statement 
that, as I recall it, G represents the linear 
growth of a colony and V is the rate of growth 
of a nodule, which seems just a little different 
from the way I have thought of it. 
W. H. Branpt (author’s reply).—The 
answer to Dr. Austin’s question is that V 
and G are in the same quantities and therefore 
must be distinguished by different symbols. 
G is the average rate of increase in diameter 
of a pearlite nodule whereas V is the growth 
velocity of a pearlite colony in edgewise 
direction. It is clear that G is related to V, 
and it seems likely that G will be either ap- 
proximately equal to V or somewhat smaller. 


C. ZeneR.*—I should like to ask whether 
Dr. Brandt took the carbon concentration in 
the austenite ahead of the ferrite to be given 
by the equilibrium diagram, or considered 
the effect of the curvature’ of the interface 
on the equilibrium concentration? The two 
will not, of course, be the same. 


* Physical Chemist, Assistant Director, 
Research Laboratory, U. S. Steel Corporation, 
Kearny, N. J. 

* Professor of Metallurgy, 
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W. B. Branpt.—The question raised by 
Dr. Zener is an interesting one and was 
touched on briefly in a previous paper." 

The value assigned to the carbon con- 
centration at the center of the ferrite-austenite 
interface was equal to the value indicated by 
the extrapolation of the conventional equilib- 
rium diagram; that is, no account was taken 
of the curvature at the interface. Originally 
this was done because it was thought that the 
interface calculated from Eq. 13 was flat 
at the center; however, actual calculation 
has shown that this is not true, and that the 
radius of curvature at this point is about 
one half of the pearlite spacing. The situation 
was not corrected because the author knows 
of no way in which it can be done, lacking 
knowledge of the interface energy. If the 
ferrite-austenite interface energy is small, 
the correction will be small; if it is very large, 
the correction will be large. The effect of the 
correction would be to make C,y smaller 
(and possibly make C,.- larger), which would 
decrease the values of V correspondingly. 

The carbon concentration must change in 
austenite along the ferrite-austenite interface 
and this change probably is due to changing 
curvature of the interface. Qualitatively it 
seems reasonable that this would lead one to 
pearlite spacing decreasing with temperature, 
but it appears that quantitative work will be 
very difficult. 


C. ZENER.—It is indeed fortunate that this 
society now has before it two computations 
of the velocity of growth of pearlite; Brandt’s 
computation based upon the solution of the 
appropriate differential equation, and the 
writer’s computation (see pp. 561 and 57 
based upon only general dimensional argu- 
ments. Few of us have the ability to find 
solutions of differential equations, but most of 
us can learn to proceed a long way by dimen- 
sional reasoning. In order further to encourage 
the use of dimensional reasoning by members 
of this society, a detailed comparison will be 
made between the results of Brandt’s and those 
of the writer. 

From the solution of a differential equation, 
Brandt has obtained for the velocity of edge- 
wise growth of a pearlite nodule 
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where D is the atomic diffusion coefficient 
for carbon in austenite, S, is the interlamellar 
spacing, and V, is a numerical coeflicient 
determinable from Brandt’s equations 5 to 8. 
From dimensional arguments the writer 
obtained for the same velocity 

v= AC D 
~ (C2— Cis aS, 
where AC is the difference in carbon con- 
centration in the austenite just ahead of the 
ferrite and just ahead of the cementite plates, 
and (C2 — Ci)g is the change in carbon con- 
centration across the cementite-austenite inter- 
face. The precise value of the numerical 
coefficient alpha was unknown, but was 
estimated to be comparable to the ratio of 
(width of cementite plate)/S,; namely 0.12. 
Assuming Brandt’s computation as correct, 
we may now evaluate alpha precisely from the 
equation 

cA AC We 

Ot ia ~ Cale a8 
If his linear extrapolation of the GS boundary 
is used, one finds that alpha deviates by 
not more than ro per cent from the value o.2o. 
On the other hand, if his curved extrapolation 
is used, alpha varies from 0.20 to 0.11 as the 
temperature is lowered from 723° to 580°C. 
The agreement between formulas 1 and 2 is 
therefore much closer than is the agreement 
between different sets of experimental data, 
which differ among themselves by more than 
a factor of 1o. 

At the time of the writing of his paper, 
Brandt had no guide as to the proper extra- 
polation of the GS boundary below the eutec- 
toid temperature. In a current paper (This 
volume, p. 531.) the writer has computed this 
extrapolation from thermodynamical data. It is 
found to be essentially linear, having the value 
2.58 at 600°C. (from Table A-1). 


W. H. Branpt.—The agreement between 
Zener’s alpha as estimated by him and as 


computed from the equations in this paper 
is interesting. However, the writer is not 
completely convinced that the agreement is 
not fortuitous. It will be seen that the change 
in carbon concentration across the ferrite- 
austenite interface, as well as the change in 
concentration across the ferrite-austenite inter- 
face, influences the velocity of growth. Since 
this does not enter into Zener’s estimate, it 
would not be surprising if his estimated alpha 
were considerably more in error than actually 
turns out to be true. 

Zener’s preference for the linear extrapola- 
tion of the ferrite solubility may well be 
correct. Since this paper was submitted for 
publication, the writer has also calculated 
the position of the GOS boundary below the 
eutectoid temperature by the method of 
Kérber and Oelsen!® and this calculation also 
agrees more nearly with the linear extrapolation. 

It does appear, however, that the two 
extrapolations given in Fig. 1 probably bracket 
the ferrite solubility, and one may think of the 
calculated curves of Fig. 2 as representing 
the probable limits on V based on data now 
available. 

It should be pointed out that the curved 
extrapolation of the ferrite solubility is not 
demanded by the theory that formation of 
pearlite is stopped by growth of cementite 
ahead of ferrite lamellae. To stop regular 
lamellar growth, it is only necessary that the 
rate of nucleation ahead of a ferrite lamella 
be high enough that the average time of forma- 
tion of a cementite nucleus ahead of a ferrite 
lamella is about equal to the time required 
for a lamella to grow a distance equal to the 
pearlite spacing. In the present state of 
nucleation theory, one cannot make any 
quantitative predictions of nucleation rate, 
but can say that the rate will become infinite 
when the carbon concentration is equal to the 
carbon concentration in cementite, and there- 
fore the curved extrapolation in Fig. 1 is 
certainly an upper limit to the ferrite solubility. 


1s Korber and Oelsen: Archiv Eisenhutten- 
wesen (1932) 5, 560. 
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By J. H. Hottomon,* L. D. Jarre,t JuNioR MEMBERS, AND M. R. Norton,t MEMBER A.I.M.E. 


Chicago Meetir 


In the practical heat-treatment of steel 
the decomposition of austenite usually 
occurs during cooling rather than at con- 
stant temperature. Nevertheless, the course 
of this decomposition has generally been 
studied only isothermally. Isothermal stud- 
ies are not only simpler experimentally, 
but have the great theoretical advantage 
that one of the variables, temperature, is 
constant. 

It is the purpose of this paper to outline 
the principles that govern the relations 
between isothermal and anisothermalf 
decomposition of austenite, to present and 
systematize the available experimental 
information, and to indicate the gaps in 
the existing knowledge. Some of the experi- 
mental information is the result of new 
work.§ Most of it is derived from scattered 
data in the literature. Many of these data 
were obtained incidentally in the course 
of research on other subjects and their 
significance has not been pointed out and 
perhaps not understood. It is hoped that 
this paper will aid future planning of 


The statements or opinions in this article 
are those of the authors and do not necessarily 
express the views of the Ordnance Department. 
Manuscript received at the office of the Insti- 
tute Dec. 11, 1945. Issued as T.P. 2008 in 
METALS TECHNOLOGY, August 1946. 

* Captain, Ordnance Department, Water- 
town Arsenal Laboratory, Watertown, Massa- 
chusetts. 

tT Metallurgist, Watertown Arsenal Labora- 
tory. 

t By anisothermal decomposition of austen- 
ite is meant decomposition occurring not at a 
single constant temperature. 


§ Other new work is described in a paper 
by G. K. Manning and C. H. Lorig: Relation- 
ship between Transformation at Constant 


Temperature and Transformation during 
Cooling. This volume, page 442. 
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more extensive research on anisothermal 
decomposition. 


METHOD 


In order to study the relations between 
isothermal and anisothermal decomposi- 
tion, it appears fruitful to view aniso- 
thermal decomposition as taking place i 
at a series of constant temperatures! 
(except for the martensite reaction, which 
does not occur isothermally to an appre- 
ciable extent). When the time the steel i 
is at each temperature is finite, the over-all 4 
amount of the reaction is considered to 
be the sum of the amounts occurring at 
each of the successive temperatures. During 
continuous cooling or heating, the time the 
steel is at each temperature and the 
difference between successive temperatures 
can be considered to approach zero. The 
over-all amount of transformation will then 
be given by integration over the range of 
temperatures involved. This point of view 
is advantageous in that it considers | 
anisothermal transformation to be a series 
of isothermal transformations. The problem 
thus becomes one of determining the effect 
of partial decomposition at any given 
temperature upon subsequent decomposi- 
tion at another temperature. 


Single Anisothermal Reaction 


Consider a phase brought to a tempera- 
ture at which it is unstable, held there 
until it has partially transformed, and 
then brought to another temperature at 


1 References are at the end of the paper. 
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which it tends to transform further by 
the same reaction. In general, the reaction 
at the second temperature will not proceed 
as though no holding at the first tempera- 
ture has occurred. Probably the simplest 
case would be one in which the transforma- 
tion at the second temperature proceeds 
just as though the prior partial transforma- 
tion had occurred at the second tempera- 
ture. Such a reaction will be termed 
‘“‘additive.””’ As an example, suppose the 
time necessary for 5 per cent isothermal 
transformation, in a specimen quenched 
directly to the second temperature and 
left there, is 30 min. and for 15 per cent 
transformation is 40 min. A_ specimen 
previously held at the first temperature 
long enough to transform 5 per cent would, 
if brought to the second temperature and 
held there, transform a total of 15 per cent 
in 10 more minutes, provided the reaction 
is additive. 

A reaction involving nucleation and 
growth will be additive, over a range of 
temperature, if the rate of nucleation is 
proportional to the rate of growth over 
that temperature range.* Such a reaction 
has been termed “‘isokinetic.’’?-* The course 
of an isokinetic reaction is the same at 
any two temperatures except for a time 
factor; the rate at the first temperature is, 
for example, 10 times as great as the rate 
at the second temperature for the same 
percentage transformation. A_ reaction 
that is isokinetic must be additive.?* 
Nevertheless, even if a reaction is not 
isokinetic, it may be, at least approxi- 
mately, additive. 

Many investigators of the isothermal 
decomposition of austenite have presented 
data for the time for “‘initiation of reac- 
tion.”’ There is no reason to believe that 
any finite time is required for decomposi- 
tion to begin. In most cases of nucleation 
and growth, however, the reaction begins 


* If the rate of nucleation or growth changes 
as the reaction proceeds, rates at the same per- 
centage transformation should be compared. 


very slowly, but after some time the rate 
of reaction increases markedly.* The re- 
ported “‘initiation time” is, then, the time 
necessary for some small amount (pre- 
sumably the minimum detectable amount) 
of transformation to occur, but it must not 
be assumed that no transformation takes 
place before this time has elapsed. The 
phrase ‘‘time for initiation” will be used 
in this sense in the subsequent discussion. 
In dealing with data concerning the 
initiation of reaction it is convenient to 
use the term ‘“‘fractional timé.’”’ The frac- 
tional time is defined as the actual time 
that a steel is held at a constant tempera- 
ture divided by the time for initiation of 
reaction at that temperature. 

As is indicated below, many of the avail- 
able data bearing on the anisothermal 
decomposition of austenite cover the times 
for initiation of transformation rather 
than the times for fixed percentages of 
transformation. The minimum detectable 
amount of transformation is presumably 
about the same for all temperatures of 
reaction. For an isokinetic reaction it may 
be assumed that the amounts of trans- 
formation at times prior to the nominal 
initiation are the same when the fractional 
times are the same.* If the products of an 
anisothermal reaction become detectable 
when and only when the fractional time 
(added or integrated over the various 
temperatures) is equal to one, then it may 
be assumed that the reaction is additive, at 
least for small amounts of transformation. 

Proeutectoid Ferrite and Carbide.—Grange ' 
and Kiefer‘ measured the time for initiation 
of the proeutectoid ferrite reaction in an 
SAE 4340 steel during cooling at a constant 
rate. The time for initiation of isothermal 
transformation to ferrite had been deter- 
mined experimentally for the same heat 
of steel and after the same austenitizing 
treatment. These data can be used for 
testing the hypothesis of additivity. A 
curve for the initiation of ferrite formation 
during cooling at a constant rate has been 
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computed* from the isothermal data given 
by Grange and Kiefer and is presented 
in Fig. 1, together with their experimental 
measurements for transformation during 
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ferrite reaction is approximately additive, 

at least for small percentages of ferrite.* 
No pertinent experimental data for the 

anisothermal formation of proeutectoid 
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cooling. The agreement is fairly good. 
Appreciable deviation does occur, the 
calculated times being shorter than the 
experimental by a factor of 2 at the lowest 
temperature. However, the isothermal 
curve upon which the calculations were 
based may not have been determined to 
times closer than a factor of 2. Thus, the 
agreement the calculated and 
measured values for continuous cooling 
appears sufficiently satisfactory to indicate 
that the progress of the proeutectoid 


between 


* Details of the derivation for constant 
cooling rate have been given by Scheil.! Details 
of derivations for any type of cooling or heating 
have been given by Steinberg.‘ 


4340 austenitized 15 minutes at 1550°F. Curve calculated on assumption of additivity. 


carbide seem to be available.f It might 
be anticipated that the carbide reaction 
would behave similarly to the ferrite. 
Pearlite Reaction —Krainer* measured 
the time for initiation of transformation in 
specimens of approximately SAE 4150 


*It may be noted that Grange and Kiefer 
developed an empirical relation between the 
isothermal diagram and the diagram for 
cooling at a constant rate. They found this 
relation to agree closely with experiment for 
the part of the SAE 4340 diagram that they 
investigated. It seems unlikely, however, that 
their relation is generally applicable. 

+ The carbide formed may be cementite or 
a carbide of different crystal structure. For 
simplicity, no distinction will be drawn in this 
paper between the reactions leading to different 
varieties of carbide. 
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composition (0.5 per cent C, 1.1 per cent 
Cr, 0.25 per cent Mo), held at single 
temperatures within the range 590° to 
680°C. and at two successive temperatures 


TABLE 1.°—Effect of Holding Austenite 
at One Temperature in Pearlite Range 
Upon Time for Initiation of 
Pearlite Transformation at a 
Second Temperature 
Steel Containing o.5 Per Cent C, 1.1 Per Cent 
Cr, 0.25 Per Cent Mo. Austenitized 
30 Minutes at 850°C. 











First Temperature | Second Temperature 

: | Sum 

Min- | a. 

: utes to Tac- 
Deg. Min- | Frac- Deg. Initiate! Prac- tional 
utes | tional Peake. tional Wiese 

Held | Time Sema, Time 
tion 

ts) 0.00 | 640 8 1.00 | 1.00 

680 9.0 | 0.25 | 640 6.15 | 0.77 | 1.02 
680 18.0 | 0.50 | 640 4.10 | 0.51 | 1.01 
680 27.0 | 0.75 | 640 1.95 | 0.24 | 0.99 
680 36.¢ 1.00 0.00 | 1.00 
oO 0.00 | 590 | 28 1.00 | 1.00 

640 2.0 | 0.25 | 590 | 20.15 | 0.72 | 0.97 
640 4.0 | 0.50 | 590 | 13.50 | 0.48 | 0.98 
640 6.0 | 0.75 | 590 7.70 | 0.28 | 1.03 
640 8.¢ 1.00 0.00 | 1.00 
0 0.00 | 590 | 28 1.00 | 1.00 

680 9.0 | 0.25 | 590 | 21.50 | 0.77 | 1.02 
680 18.0 | 0.50 | 590 | 14.30 | 0.51 | I.01 
680 27.0 | 0.75 | 590 6.70 | 0.24 | 0.99 
680 36.¢ 1.00 0.00 | I.00 























* Data of Krainer.® 
> Times are averages for many specimens. 
¢ Transformation was initiated. 


within this range. As Table 1 shows, 
Krainer found that the initiation of 
transformation is additive throughout the 
range investigated. Since a magnetic 
method was used to detect the transforma- 
tion, it is difficult to be certain that the 
reaction involved was to pearlite and not 
to proeutectoid ferrite; Krainer states 
that it was to pearlite.* 

Lange and Hansel’ compared the pro- 
gress of transformation during cooling 
with the isothermal transformation in a 
1.16 per cent C, 0.14 per cent Mn plain 
carbon steel. The amount of transforma- 


* Jolivet and Portevin™ state that they too 
have found the pearlite reaction to be additive, 
but do not present their experimental data. 


tion, determined isothermally, was inte- 
grated step by step over the measured 
cooling curves. Lange and Hansel reported 
that the integrated amounts of 
formation agree with those measured 
during the cooling, throughout the entire 
course of the reaction at 610° to 660°C., 
and for the first 15 per cent of transforma- 
tion at temperatures down to 450°C. This 
statement would indicate that the reaction 
(presumably to pearlite) is approximately 
additive over the range studied. However, 
examination of the curves themselves 
raises some question as to the agreement 
between the calculations and the experi- 
mental data. The calculated times appear 
to be significantly shorter than the meas- 
ured times, the more so, the greater the 
percentage transformed. The divergencies 
are within one order of magnitude, a factor 
of 5 in the worst case. 

Lange® has also pointed out that the 
shape of the curve for percentage trans- 
formed versus time for isothermal forma- 
tion of pearlite in plain carbon steels varies 
little with temperature of transformation; 
a change of temperature simply multiplies 
all times by a factor. This similarity of 
shape would indicate that the reaction is 
approximately isokinetic and so, neces- 
sarily, approximately additive. Direct 
measurements of the rates of nucleation 
and growth at various temperatures for 
the isothermal formation of pearlite have 
been made?’ and indicate that the reaction 
is far from isokinetic. 

The information available concerning 
pearlite formation is thus seen to be some- 
what contradictory. The reaction can 
evidently be considered additive to a first 
approximation, but the approximation 
may not be very good. 

Bainite—By studying the effect of 
holding an 8.7 per cent Ni, 0.77 per cent C 
steel at one temperature in the bainite 
range upon its subsequent transformation 
at another temperature in the bainite 
range, Lange and Mathieu"! found that 


trans- 
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the bainite transformation is not addi- 
tive. Rather, a specimen transformed a 
few per cent at 425°C. subsequently trans- 
formed more slowly at.400°C. than did a 
specimen in which the initial transforma- 
tion had taken place at the lower tempera- 
ture. Similarly, several per cent of 
transformation at 400°C. somewhat delayed 
subsequent reaction at 350°C. On the 
other hand, a moderate amount of trans- 
formation at 350°C. hastened subsequent 
transformation at the higher temperature 
of 400°C., and a moderate amount of 
transformation at 400°C. 
transformation at 


hastened the 
425°C. In this last 
case the degree of completion attained 
by the reaction was also found to increase. 
It may be noted that in the steel studied 
no bainite was found to form at tempera- 
tures above 450°C. 

These findings of Lange and Mathieu 
are readily clarified by a review of the 
nature of the isothermal bainite reaction, 
as described by Zener.'* At temperatures 
not far below the maximum at which 
bainite forms, the bainite reaction is 
accompanied by diffusion of carbon from 
the growing bainite to the remaining 
austenite.'?."8 The carbon enrichment of 
the austenite slows the progress of the 
isothermal bainite reaction. It also de- 
creases the maximum temperature at 
which the austenite can 
bainite. If the carbon 
sufficient, this maximum temperature is 
reduced below the temperature at which 
the steel is held, and the reaction ceases. 
Lowering the steel temperature below the 
maximum for bainite formation in the 
enriched austenite will, however, permit 
the reaction to resume. The carbon 
diffusion into the austenite and the result- 
ing enrichment are greater the higher 
the temperature within the bainite range. 
At low temperatures they are probably 
negligible. 

For the upper portion of the bainite 
range, then, the carbon content of the 


transform to 
enrichment is 
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remaining austenite for a given percentage 
of transformation is greater, the higher 
the transformation temperature. Trans- 
formation at a higher temperature thus 
slows subsequent transformation at a lower 
temperature by providing austenite of a 
higher carbon content. It may also decrease 
the extent to which the transformation can 
proceed. Transformation at a lower tem- 
perature, on the contrary, hastens subse- 
quent transformation at a higher tempera- 
ture, and increases the extent to which the 
transformation can proceed, by reducing 
the carbon content of the residual austenite. 

Besides the 8.7 per cent Ni, 0.77 per cent 
C steel, for which the experimental results 
agree very well with the hypothesis just 
given, Lange and Mathieu also studied 
anisothermal transformation in a steel 
containing 5.1 per cent Ni and 1.1 per 
cent C. Their results for this steel cannot 
be safely interpreted, however, because 
no distinction between pearlite and bainite 
formation was made in the measurements, 
which were carried out magnetically. 

Martensite Reaction—Even though the 
martensite reaction does not occur iso- 
thermally, there is still the problem of 
determining how the initial martensite 
formation affects further martensite forma- 
tion. Since martensite forms by a shear 
reaction rather than by diffusion, the 
problem is not complicated by changes of 
the composition of the residual austenite. 
The martensite formed initially does not 
nucleate the formation of additional 
martensite; rather, the contrary seems 
to occur. In fact, Steinberg and Zyuzin" 
view the failure of the martensite reaction 
to proceed isothermally as due to the 
formation of martensite inhibiting further 
martensite formation (until the tempera- 
ture is lowered). 


Two Reactions 


The problem now to be examined is 
whether one decomposition reaction has- 
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tens or delays a subsequent second reac- 
tion, and by what amount. 

There are two ways in which the progress 
of the first reaction may influence the 
progress of the second: by affecting its 
nucleation, and by changing the composi- 
tion of the remaining austenite. The com- 
position change of most importance is 
change in carbon content arising from 
diffusion of carbon between the growing 
first-reaction product and the remaining 
austenite. A moderate percentage of the 
austenite would have to transform by 
the first reaction in order to change the 
composition of the bulk of the remaining 
austenite, and, hence, the rate of the second 
reaction, by a moderate amount. 

The products of the first reaction may 
nucleate the second reaction or facilitate 
its nucleation, thus accelerating the second 
reaction. On the other hand, it is possible 
that the first and second reactions may tend 
to nucleate preferentially at the same sites. 
Products of the first reaction, by using 
these nucleation sites, may make them 
unavailable for the second reaction. If 
the products of the first reaction do not 
themselves nucleate the second reaction or 
provide sites at which it nucleates readily, 
this elimination of sites for preferential 
nucleation may delay the second reaction. 
Nucleation effects may greatly change the 
rate of the second reaction even though the 
first one has progressed to a small extent 
only. 

One decomposition reaction may affect 
another even during isothermal decomposi- 
tion, for austenite may decompose by 
several reactions, simultaneous or succes- 
sive, at a single temperature. 

Effect on Bainite Reaction.—Especial 
interest in the influence of prior ferrite 
formation upon the bainite reaction was 
aroused through a study of the effect of 
austenitic grain size upon the hardenability 
of SAE 4140 steel. Details of this study 
are given in the Appendix. It was found 
that decreasing the austenitic grain size 


considerably decreased the time (increased 
the cooling rate) necessary to obtain 1 to 
70 per cent bainite on continuous cooling. 
The effect of grain size upon the isothermal] 
initiation of the bainite reaction had been 
previously studied in SAE 4140 and found 
to be negligible.'® It was concluded that 
the change in the rate of formation of 
bainite occurring during continuous cooling 
is associated with the change in fractional 
time at the higher decomposition tem- 
peratures. The actual time at these tem- 
peratures is not changed, but the time 
necessary for the appearance of detectable 
amounts of proeutectoid ferrite and pearlite 
is considerably decreased by decrease in 
grain size.'®> For a fixed cooling rate, 
therefore, the extent of the ferrite and 
pearlite reaction is increased by decreasing 
the grain size, and this must be so even 
if the extent is too small to be detected 
microscopically. Inasmuch as the iso 
thermal diagram indicates that |pro- 
eutectoid ferrite forms at considerably 
shorter times than pearlite, it appears 
that the increased progress of the pro- 
eutectoid ferrite reaction is responsible 
for the more rapid appearance of bainite 
when the grain size is small. Both the 
isothermal diagram and examination of 
the hardenability specimens indicate that 
the amount of proeutectoid ferrite, formed 
at times as short as those associated with 
the first appearance of bainite, is too small 
to be noticed under the microscope. Appar- 
ently this small amount of ferrite nucleates 
and so hastens the bainite reaction. 
That nucleation rather than growth is 
accelerated is indicated also by the fact 
that the time necessary for the formation 
of large percentages of bainite in the SAE 
4140 steel was much less affected by grain 
size than the time necessary for the forma- 
tion of small percentages. 

Because of the importance of bainitic 
hardenability'* ir. hy,oeutectoid steels, 
it seemed advisable to make a more direct 
investigation of the effect of holding 

















J. H. HOLLOMON, L. D. JAFFE AND M. R. NORTON 425 


austenite in the range of proeutectoid 
ferrite formation upon its subsequent 
transformation to bainite. Slivers approxi- 
mately 14 by 14 by \¢ in. were cut froma 
forging of a modified SAE 4330 steel, 
having the following composition: 

C, 0.30 per cent; Mn, 0.69; Si, 0.22; 
Ni, 2.83; Cr, 0.85; Mo, 0.30; V, nil. 


for various times, and water-quenched. 
Determination of the times required to 
form a visible amount of ferrite at 1200°F. 
and bainite at 800°F. was next made by a 
metallographic study of the quenched 
samples. 

Following this determination, groups 
of specimens, austenitized at 1700°F., 


TABLE 2.—Effect of Holding Austenite in Proeutectoid Ferrite Range upon Time for Forma- 
tion of Bainite 
Modified SAE 4330 Steel Austenitized 1 hour at 1700°F. Grain Size ASTM 5 
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* None visible at 500 diameters. 


The slivers were nickel-plated to reduce 
decarburization and austenitized in a 
nitrogen atmosphere. This atmosphere was 
obtained by passing commercial cylinder 
nitrogen through an alkaline pyrogallol 
solution to reduce its oxygen content 
and then over silica gel to dry it. 

Two series of specimens, austenitized 
at different temperatures, were investi- 
gated. In the first series the specimens 
were austenitized one hour at 1700°F., 
and had an austenite grain size of ASTM 
5. One group from this series was quenched 
directly into a metal bath at 1200°F., 
held for various periods of time, and 
water-quenched. A second group from the 
first series was quenched directly from 
1700°F. into a metal bath at 800°F., held 


were quenched directly into a metal bath 
at 1200°F. and held for one minute as well 
as for times approximately 14, 14, and 34 
the time required for the formation of 
visible ferrite. These specimens were then 
transferred from the bath at 1200°F. 
directly to another metal bath at 800°F.. 
held for various periods at 800°F., and 
water-quenched. Metallographic study of 
the quenched samples indicated the time 
at 800°F. required for the formation of 
visible amounts of bainite. 

The second series of specimens was 
austenitized one hour at 2000°F., and had 
a grain size of ASTM oo to o. Again, 
the times required for the formation of a 
detectable amount of ferrite at 1200°F. 
and bainite at 800°F. were determined. 
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Groups of specimens austenitized at 
2000°F. were next quenched directly 
to 1200°F. and held for one minute and for 
a time equal to one of the times for which 
specimens of the first series had been held 
at that temperature. The specimens were 


Table 2 indicates that holding at 1200°F., 
without detectable formation of ferrite, 
definitely decreases the time necessary 
for visible bainite formation. With no 
hold at 1200°F. bainite was first visible 
after approximately 13 sec. at 800°F. 


TABLE 3.—Effect of Holding Austenite in Proeutectoid Ferrite Range upon Time for Forma- 
tion of Bainite 


Modified SAE 4330 Steel Austenitized 1 hour at 2000°F. Grain Size ASTM oo to o 
Transformation at 1200°F. (Direct Quench) 
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* None visible at 500 diameters. 


then transferred from the bath at 1200°F. 
to a bath at 800°F., held for various times, 
and water-quenched. The time at 800°F. 
required for the formation of a detectable 
amount of bainite was then determined in 
these specimens. 

For the metallographic studies, the speci- 
mens were cut in half after quenching, 
polished, etched with 1 per cent nital, 
and studied at 500 diameters. No undis- 
solved carbides were noted after either 
austenitizing treatment. 

The one minute holds at 1200°F. were 
used because of the possibility that 
the difference between cooling from the 
austenitizing temperature and _ cooling 
from 1200°F. would affect the subse- 
quent transformation at 800°F. The 


results, presented in Tables 2 and 3, show 
that the effect was negligible. 


Holding for 14 the time for detectable 
ferrite formation definitely decreased the 
time for bainite to become visible. Holding 
for 44 the time at which ferrite was first 
observed decreased the time at 800°F. to 
less than 3 sec., much less than % the 
time without the 1200°F. treatment. 
Holding for 34 the time at 1200°F. caused 
visible bainite formation to occur in the 
small specimens 
from 1200°F. 
That the effect is related to the frac- 
tional time in the ferrite range is illustrated 
by the data of Table 3. These data are for 
specimens austenitized at 2000°F. and 
having. an ASTM grain size of 00 to o. 
The grain size of the specimens covered 
by Table 2 and austenitized at 1700°F. 
was only ASTM s. The increase of grain 
size fncreased the time for the formation of 


upon water-quenching 
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FIGS. 2 AND 3.—BAINITE NUCLEATED AT GRAIN BOUNDARY IN MODIFIED SAE 4330. 
Fig. 2. Heat-treatment: 1700°F., 1 hour; cooled to 800°F., held 32 seconds, water-quenched. 
Fig. 3. Heat-treatment: 1700°F., 1 hour; cooled to 1200°F., held one minute; transferred 
to 800°F ., held 14 seconds; water-quenched. 
X 2500. Etchant: 1 per cent nital. Objective used: Apochromat, 1.4. N.A. 
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visible ferrite from 61-64 min. to 120- 
130 min. The time for visible bainite 
formation after quenching directly from 
the austenitizing temperature was hardly 


observed that in specimens not held 
in the ferrite range there is a noticeable 
but apparently slight tendency for bainite 
to form at austenite grain boundaries 
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Fic. 4.—EFFECT OF HOLDING AUSTENITE IN PROEUTECTOID CARBIDE RANGE UPON ITS SUBSEQUENT 
TRANSFORMATION TO BAINITE. 
7.0 per cent Ni, 0.7 per cent C. Austenitized 5 to 7 minutes at 850°C.; temperature of carbide 
formation, 530°C.; temperature of bainite formation, 417°C. Data of Lange and Mathieu."! 


affected, possibly increasing from 13 to 
15 sec. However, with the large grain size, 
holding for 32 min. at 1200°F only 
decreased the time for formation of 
detectable bainite to 11 sec., a decrease of 
less than 30 per cent. Holding for the 
same time with the small-grained specimens 
decreased the time for visible bainite forma- 
tion about 85 per cent. Thus, the longer 
the time required for ferrite formation, 
the less is the effect (on the bainite trans- 
formation) of holding in the ferrite range 
for a constant time. The data are not suffi- 
ciently complete, however, to establish 
whether or not the time for detectable 
bainite formation depends directly upon 
the fractional time in the ferrite range. 
These experimental results indicate that 
ferrite nucleates the formation of bainite, 
as had been stated by Mehl.!? It was 


(Fig. 2). In specimens previously held 
in the ferrite range the tendency for bainite 
to form at grain boundaries is much more 
marked (Fig. 3). 

That proeutectoid ferrite would nucleate 
the bainite reaction is: certainly to be 
expected. Freshly formed bainite differs 
from proeutectoid ferrite only in its carbon 
content. The lattice structures and the 
crystallographic orientations with respect 
to the parent austenite'® are the same. 

Information on the effect of the small 
quantities of proeutectoid carbide upon 
subsequent transformation to bainite is 
contained in a paper by Lange and Ma- 
thieu.!! They used steels having 8.7 per 
cent Ni with 0.77 per cent C and 7.04 per 
cent Ni with o.7 per cent C. Holding in 
the temperature range at which carbide 
formed greatly decreased the speed of 
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subsequent reaction to bainite at a lower 
temperature. No pearlite formed in these 
experiments. The longer the time and the 
lower the temperature of holding in the 
carbide range, the slower was the subse- 
quent transformation to bainite. Since 
no determinations were made of the times 
necessary for carbide formation, it is 
difficult to evaluate the data quantita- 
tively. One comparison of interest is made 
in Fig. 4. Here a measure of the amount 
of transformation to bainite at 417°C. 
is plotted against the ratio of the time 
at 417°C. to the time of prior holding in the 
carbide range at 530°C. For times of 5 to 
30 min. at 530°C. the progress of the reac- 
tion can be approximated by a single curve 
when plotted in this fashion. Over this 
time range, therefore, the time necessary 
for formation of a given percentage of 
bainite is approximately proportional to 
the time of holding in the carbide range. 
For times of 30 to 270 min. at 530°C. no 
further slowing of the bainite reaction 
occurred. This might be due to the carbide 
reaction having had its full effect upon the 
nucleation of bainite within 30 minutes. 

The experiments discussed above involve 
the formation of only small amounts of 
proeutectoid ferrite and carbides, which 
influence the bainite reaction through 
nucleation. Larger amounts would be 
expected to influence the bainite reaction 
primarily through their effect upon the 
composition of the austenite, especially 
upon its carbon content. Ferrite formation, 
by enriching the austenite in carbon, would 
retard the bainite reaction, lower the maxi- 
mum temperature at which it occurs, 
and decrease its degree of completion at 
any fixed temperature. Carbide formation 
would have the opposite effects. 

Liedholm and Coons!® have experi- 
mentally confirmed, in SAE 4330 steel, 
the prediction that precipitation of large 
amounts of ferrite retards the bainite 
reaction. Gorden, Cohen, and Rose*® found 
that, in high-speed steel, formation of large 
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amounts of mixed pearlite and proeutectoid 
carbide at 1200°F. accelerates the bainite 
reaction. These authors noted further that 
holding high-speed steel for several min- 
utes at t1100°F. or hours at 1000°F. 
after austenitizing also hastens subsequent 
bainite formation. At 1ooo° and 1100°F. 
no transformation was observed in 24 hr. 
either dilatometrically or, presumably, 
metallographically. It seems likely that the 
acceleration of the bainite reaction again 
resulted from precipitation of proeutectoid 
carbide. Such carbide precipitation would 
be’ difficult to detect dilatometrically. If 
the precipitation occurred around un- 
disolved carbide particles, it would also 
be difficult to detect metallographically. 

Evidence that the degree of completion 
of the bainite reaction is increased by 
precipitation of proeutectoid carbide has 
been noted by Jaffe and Hollomon.”! 
Evidence that the maximum temperature 
of bainite formation is raised may be found 
in the papers of Lyman and Troiano.??.?4 
These authors reported that, in 2.9 per 
cent Cr steels with 1.02 and 1.28 per cent 
C, bainite forms at high temperatures 
following such carbide precipitation. The 
shape of the isothermal diagram at lower 
temperatures, as well as other data, 
indicate that bainite would not be expected 
to form at these high temperatures without 
prior carbide precipitation. The example 
just cited is complicated by the formation 
of appreciable amounts of pearlite (as 
well as proeutectoid carbide) prior to 
the appearance of bainite. However, the 
occurrence of pearlite could hardly affect 
the maximum temperature at which bainite 
can form, for pearlite formation does not 
change the gross composition of the remain- 
ing austenite. 

It is possible that pearlite formation 
might tend to delay the transformation 
to bainite by eliminating sites of ready 
nucleation. On the other hand, the ferrite 
lamellae of the pearlite might tend them- 
selves to nucleate bainite formation. 
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Nucleation by lamellae is made less prob- 
able by the fact that the crystallographic 
orientation of the ferrite in these lamellae, 
with respect to the parent austenite, 
differs from that of bainite.* Jolivet 
and Portevin** found that partial trans- 
formation to pearlite does not change the 
rate of subsequent reaction to low-tem- 
perature bainite. The two reactions (oc- 
curring in that order) are approximately 
additive. 

A number of _ investigations!!:2¢.25-27 
have definitely established that martensite 
hastens the subsequent transformation of 
austenite to bainite. Lange and Mathieu!! 
reported that the effect is more marked the 
greater the percentage of martensite. 
Both these authors and Gorden, Cohen, 
and Rose®® found that acceleration of 
the bainite reaction could more precisely 
be described as the rapid formation of a 
small amount of bainite, followed later 
by formation of larger quantities of bainite. 
Gorden, Cohen, and Rose noted, moreover, 
that the initial rapid formation of bainite 
was localized near the martensite plates, 
while the later formation of large quantities 
of bainite was general throughout the 
microstructure. Such local bainite forma- 
tion prior to the general bainite formation 
is probably responsible for the reports of 
the martensite reaction continuing iso- 
thermally to a small extent after cooling 
had ceased: the local bainite formation 
may have been erroneously interpreted as 
martensite formation.* 

Since martensite formation does not 
change the composition of the austenite, 
martensite must nucleate or accelerate 
the nucleation of bainite. The martensite 
itself may act as a nucleus for bainite, 
for their crystallographic orientations differ 
but little."* The additional discontinuities 
along the martensite-austenite interfaces 

*In some cases, too, a small amount of 
cooling undoubtedly took place after the 
investigators thought cooling had ceased. 


During this cooling martensite would continue 
to form. 


may provide more area for ready nuclea- 
tion. The stresses set up by martensite 
formation may, as Gorden, Cohen, and 
Rose point out, lower the additional 
energy required. 

Effect on Pearlite Reaction.—As pointed 
out and discussed by Scheil,! the data of 
Sato*® give some indication of the effect 
of prior proeutectoid reaction upon the 
transformation of austenite to pearlite. 
Sato measured dilatometrically the tem- 
peratures at which the pearlite and pro- 
eutectoid reactions initiate during cooling 
at various rates in iron-carbon alloys, 
ranging from 0.008 to 1.55 per cent carbon. 
Similar dilatometric and thermal arrest 
measurements were later made by Wever, 
Rose, and Lange.”® Pertinent data are also 
available in the isothermal transformation 
diagrams for 3 per cent Cr steels containing 
0.08 to 1.28 per cent C, determined 
metallographically by Lyman and Trio- 
ano.2? The grain size of the austenite 
was unfortunately not controlled or re- 
ported in these studies, but it does not 
seem likely that the results could be 
attributed to variations in grain size 

In all these investigations it was found 
that the time necessary for the formation 
of small amounts of pearlite decreases 
smoothly as the carbon content of the steel 
increased over the entire range.* No dis- 
continuties were found even though pro- 
eutectoid ferrite was observed prior to 
the pearlite at low carbon contents, 
proeutectoid carbide prior to the pearlite 
at high carbon contents and neither at 
intermediate carbon contents. Scheil con- 
cluded that proeutectoid ferrite and 
carbide (in small quantities) have little 
effect upon the subsequent formation 
of pearlite. 

It might be expected that either the 
ferrite or the carbide would nucleate 


* This, it should be noted, is in direct con- 
tradiction to the widespread belief that increase 
of carbon content increases the time necessary 
for pearlite formation. 
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the pearlite. However, the crystallographic 
orientation of proeutectoid ferrite with 
respect to the austenite is known to 
differ from that of the ferrite lamellae 
in pearlite.'* The orientation of cementite 
lamellae in pearlite has not yet been deter- 
mined; it may differ from that of pro- 
eutectoid cementite. Such differences in 
orientation may well be responsible for 
the apparent failure of proeutectoid con- 
stituents to nucleate pearlite. Scheil 
has suggested another explanation: that 
adjacent nuclei of ferrite and carbide form 
more readily than single nuclei of either 
phase. If Scheil’s hypothesis is correct, 
the rate of growth of cementite would 
have to be greater than the rate of growth 
of pearlite under all conditions where 
first cementite and then pearlite form 
isothermally. This conclusion has not been 
checked experimentally. 

It is well known that the presence of 
even small amounts of carbides undis- 
solved by the austenitizing treatment 
considerably hastens the transformation of 
the austenite to pearlite, and that pearlite 
nucleates preferentially around such car- 
bides.*® In this case the carbides are dis- 
tributed throughout the structure and 
provide additional areas of discontinuity 
where pearlite nucleation may readily 
take place. Proeutectoid carbides, how- 
ever, tend to form at grain boundaries, 
where discontinuities already exist, and 
so add little if any to the area of dis- 
continuity available for the pearlite. 

Large amounts of proeutectoid carbide 
undoubtedly will affect pearlite formation 
by changing the composition of the 
austenite. The decrease in carbon content 
will tend to delay pearlite formation. 
In some alloy steels, this may possibly be 
counteracted by the depletion of the 
austenite in carbide-forming alloying ele- 
ments, which tends to accelerate pearlite 
formation. 

Large amounts of proeutectoid ferrite 
may also affect the pearlite formation by 


changing the austenite composition. The 
carbon enrichment resulting from ferrite 
reaction would tend to hasten the trans- 
formation to pearlite. 

That moderate amounts of bainite (at 
least when formed at high temperatures) 
accelerate the transformation of austenite 
to pearlite is evident from the isothermal 
transformation diagrams of Klier and 
Lyman!* and of Lyman and Troiano,” 
in 3 per cent Cr steels containing 0.08 
to 0.38 per cent C. At temperatures where 
first bainite and later pearlite forms, 
they found that the pearlite reaction is 
detected much earlier than the time- 
temperature plot for its detection at higher 
temperatures (where no bainite forms) 
would lead one to expect. The effect may 
arise from the carbon enrichment of the 
austenite or from nucleation. By the time 
pearlite formation was detected, carbides 
had precipitated from the bainite, and 
both carbide and ferrite were available to 
provide nuclei. However, the ferrite would 
not be of the orientation found in pearlite;"* 
whether the orientation of the carbide 
would be the same as that in the pearlite 
is not known. The formation of bainite 
may simply increase the area for pref- 
erential pearlite nucleation. An experi- 
mental check of whether the pearlite 
reaction is hastened by low-temperature 
bainite or by a very small amount of high- 
temperature bainite would indicate whether 
the effect is due to nucleation or to carbon 
enrichment of the austenite. 

The only data concerning the effect of 
martensite upon subsequent formation of 
pearlite seem to be those of Steinberg, 
Zyuzin, and Goldin.** In a steel containing 
0.35 per cent C, 8.92 per cent Cr, and 3.13 
per cent Si, they found that the presence 
of a moderate amount of martensite 
considerably hastens the initiation of the 
pearlite reaction at 600°C. Since the 
martensite undoubtedly tempered con- 
siderably during reheating to this tempera- 
ture and holding at it, the products of 
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the tempering of martensite—ferrite and 
carbide—were evidently responsible for 
the more rapid nucleation of the pearlite 
reaction. The ferrite in tempered martensite 
would not have the same orientation as the 
ferrite lamellae in pearlite, and it seems 
unlikely that the carbide in tempered 
martensite would have the same orienta- 
tion as carbide lamellae in pearlite. Perhaps 
the carbide and ferrite of the tempered 
martensite act merely to provide addi- 
tional discontinuities where nucleation of 
pearlite can take place readily. 

Effect on Martensite Reaction.—Since 
the martensite reaction does not proceed 
isothermally, it is hardly feasible to talk 
of delaying or hastening it. However, the 
effect of other reactions upon the tempera- 
ture range of the martensite transformation 
may be examined. Lowering the martensite 
temperature range corresponds to delaying 
the bainite reaction, and raising the 
martensite range to accelerating the 
bainite reaction.’ 

Since martensite does not form by 
nucleation and growth, and the tempera- 
ture at which it appears is thermody- 
namically fixed by the composition of the 
austenite,!* other reactions can presumably 
affect the formation of martensite only 
by changing the composition of the 
austenite, and not by nucleating martensite 
or hindering its nucleation. 

The effect of proeutectoid ferrite forma- 
tion upon the martensite reaction has 
not been studied. Since an _ increase 
in carbon content greatly lowers the 
martensite temperature range, it would 
be anticipated that the formation of 
moderate quantities of proeutectoid ferrite 
would lower the martensite range by 
enriching the remaining austenite in 
carbon. 

It seems unlikely that the pearlite 
reaction would have any significant effect 
on subsequent martensite formation. Lange 
and Mathieu" found that formation of 
moderate amounts of, presumably, pearlite 


does not influence the martensite-start 
temperature. 

Formation of moderate amounts of 
proeutectoid carbide would be expected 
to raise the martensite range by depleting 
the austenite in carbon. This is confirmed 
by the results of Steinberg and his co- 
workers!*.*! and of Lange and Mathieu." 
In each case the martensite-start tempera- 
ture was raised by the formation of carbide. 
The results of Steinberg are somewhat 
clouded by the possibility of pearlite 
formation, though this would not be 
expected to have any effect. Lange and 
Mathieu definitely established that car- 
bides formed at the austenite grain 
boundaries during the hold in the carbide 
range, and that no microscopically or 
magnetically detectable pearlite was pres- 
ent. Steinberg and his co-workers®® also 
found that the martensite-start tempera- 
ture in 0.35 per cent C, 8.92 per cent 
Cr, 3.13 per cent Si steel was raised by 
holding at 600°C. It is not evident that 
proeutectoid carbide would precipitate 
in a steel of this composition, and its 
presence was deduced only from the 
effect on the temperature of martensite 
formation. 

It is generally accepted that the pre- 
cipitation of carbides from austenite 
retained during quenching and then re- 
heated raises the maximum temperature 
of martensite formation in high-speed 
steel. This has been reported to occur also 
in the 0.35 per cent C chromium-silicon 
steel*® just mentioned, and in a. 0.30 
per cent C steel*? containing 1.47 per cent 
Cr and 3.6 per cent Ni. 

Many investigations have shown that 
the formation of bainite (at temperatures 
not too far below the upper limit of bainite 
formation) lowers the range at which 
martensite forms from the remaining 
austenite. !5-14,20.22,23,31-33 There is no rea- 
son to doubt that this is due to carbon 
enrichment of the austenite by the bainite 
reaction. Klier and Lyman™ found that 
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bainite formation at low temperatures 
(at which it would cause little carbon 
enrichment of the austenite!*) has little 
if any effect on the extent of the martensite 
reaction at room temperature. These 
authors noted that bainite formation at 
higher temperatures produced a significant 
decrease in the extent of the martensite 
reaction at room temperature. 

Effect on Proeutectoid Reactions —There 
seems to be almost no _ experimental 
evidence as to the effect of other reac- 
tions upon subsequent transformation 
of austenite to proeutectoid ferrite and to 
proeutectoid carbide. The prior formation 


of pearlite does not change the austenite ° 


composition. The ferrite lamellae pre- 
sumably would not nucleate proeutectoid 
ferrite because of their differing orienta- 
tion.'* If the orientation of the carbide 
lamellae is the same as that of proeutectoid 
carbide, the lamellae will nucleate pro- 
eutectoid carbide and so hasten its forma- 
tion. If the orientation of the carbides 
differ, pearlite might have little effect 
on formation of proeutectoid carbide, 
or might delay it by eliminating nuclea- 
tion sites. Pearlite may perhaps delay 
proeutectoid ferrite formation by similar 
elimination of nucleation sites. 

Bainite in small amounts would generally 


be expected to nucleate and so hasten 


the proeutectoid ferrite reaction. (The 
two structures have approximately the 
same crystallographic orientation.'*) Larger 
quantities of bainite, formed at tempera- 
tures high in the bainite range, would 
tend to have less effect and might even slow 
ferrite formation, by increasing the carbon 
content of the austenite. Jolivet and 
Portevin™* did find that large quantities 
of high-temperature bainite slow reaction 
at 600°C. in a steel containing 0.65 per 
cent C, 2.75 per cent Ni, 0.75 per cent Cr, 
0.6 per cent Mo. The austenitizing treat- 
ment may have been insufficient to dissolve 
all carbide particles, and it is not clear 


whether the reaction observed dilato- 
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metrically at 600°C. was to ferrite or to 
pearlite. 

The carbide particles that rapidly 
precipitate from bainite might hasten 
the nucleation of proeutectoid carbide. 
Nothing is known of the orientation of 
these carbide particles, but in any case 
the bainite probaby provides additional 
areas of discontinuity to facilitate nuclea- 
tion. Moderate quantities of bainite 
formed at temperatures high in the bainite 
range would also be expected to hasten 
proeutectoid carbide formation by enrich- 
ing the austenite in carbon. Proeutectoid 
carbide formation has been found by 
Lyman and Troiano”? to occur isothermally 
following such bainite formation, where no 
isothermal proeutectoid carbide forma- 
tion could be observed under any other 
conditions. 

Martensite does not change the austenite 
composition, but does increase the area 
of discontinuity available for nucleation of 
proeutectoid products. The orientation 
of the martensite is not much different 


from that of proeutectoid ferrite, so 
martensite may directly nucleate this 
constituent. Since martensite tempers 


rapidly at any temperature where pro- 
eutectoid carbide forms, carbides resulting 
from this tempering would be available 
for nucleation. Whether these carbides 
do act as nuclei for proeutectoid’ carbide 
seems doubtful, as it is hardly likely that 
the orientations are the same. 

The effect of the proeutectoid ferrite 
and proeutectoid carbide reactions upon 
each other seems to be of no interest, 
since the two reactions have never been 
noted in the same steel. 


SUMMARY 


Although the bulk of the experimental 
and theoretical studies of austenite de- 
composition have dealt with the simpler 
isothermal decomposition, anisothermal 
decomposition is of far greater practical 
importance. In this paper the available 
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information concerning relations between 
isothermal and anisothermal decomposition 
is presented and correlated. New experi- 
mental work on some of the relations is 
described. 
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ferrite in small quantities nucleates and 
so markedly hastens the bainite reaction, 
but in large quantities it changes the 
austenite composition so as to hinder 
bainite formation. 


Proeutectoid carbide 


4 6 8 0 


A.S7.M& GRAIN SIZE 


FIG. 11. 


—RELATION BETWEEN AUSTENITIC GRAIN SIZE AND BAINITIC HARDENABILITY OF SAE 4140 


STEEL. 


For anisothermal decomposition in- 
volving a single reaction, the concept of 
“additivity” is discussed. There is some 
evidence that the proeutectoid ferrite 
reaction is approximately additive. No 
data are available on the proeutectoid 
carbide reaction; it may well be additive. 
The pearlite reaction appears to be at least 
roughly additive. The bainite reaction 
deviates from additivity because, for a 
given per cent transformation, the carbon 
content of the remaining austenite varies 
with the transformation temperature. 
The additivity concept does not apply 
to the martensite reaction. 

One reaction may influence a second 
by changing the composition of the 
austenite and by affecting the nucleation 
of the second reaction. Proeutectoid 


has the opposite effect. Martensite facili- 
tates the nucleation of bainite. No influence 
of the pearlite reaction upon bainite 
formation has been found. 

Small amounts of the proeutectoid 
products have little influence upon the 
pearlite reaction. The effect of larger 
quantities has not been tested, but they 
probably affect pearlite formation by 
changing the austenite composition. Mod- 
erate amounts of high-temperature bainite 
hasten transformation to pearlite. Mar- 
tensite does likewise, apparently by facili- 
tating pearlite nucleation. 

Formation of moderate amounts of 
proeutectoid carbide raises the temperature 
at which martensite forms by decreasing 
the carbon content of the austenite. 
High-temperature bainite has the opposite 
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result. The effect of proeutectoid ferrite 
has not been studied but is undoubtedly 
similar to that of the bainite. Pearlite 
seems to have no influence on the mar- 
tensite reaction. 

The effects of prior reactions on the 
formation of proeutectoid ferrite and 
carbide have hardly been studied. Pearlite, 
bainite, and tempered martensite may 
hasten the nucleation of ferrite and carbide. 
High-temperature bainite in moderate 
quantities apparently facilitates proeutec- 
toid carbide formation by enriching the 
austenite in carbon. 

A great deal of work remains to be done 
upon the interactions of the various 
transformations by which austenite de- 
composes and upon the general question 
of the relations between isothermal and 
anisothermal decomposition. It is only 
through these relations that the results of 
isothermal studies can be applied quanti- 
tatively to most problems of practical 
heat-treatment. 


APPENDIX.—Effect of Grain Size on the 
Bainite Transformation 


Jominy specimens were machined from 
SAE 4140 bar stock of the following 
composition: 

C, 0.37 per cent; Mn, 0.71; Si, 0.28; 
S, 0.028; P, 0.016; Ni, 0.26; Cr, 1.05; 
Mo, 0.18; V, nil. 

The specimens were heat-treated in car- 
bonaceous muffles, as follows: 


SPECIMEN 
NUMBER HEAT-TREATMENT* 
ie Sida eal 1500°F., 2 hr., end-quenched 
ji " Ss tell sated 1 hr., furnace-cooled to 
J13 1500°F., 1 hr., end-quenched 
Jza oe peated ., 1 hr., furnace-cooled to 
jis 1500°F., 1 hr., end-quenched 
{ 2450°F., 1 hr., furnace-cooled to 
JEE- eins 1500°F., 1 hr., end-quenched 
2200°F ., 1 hr., water-quenched. 
BOR t.s Aewe Heated to 1500°F., 2 hr., end- 
_ (quenched 
eae oe 1500°F., 2 hr., end-quenched 


* Temperatures may have varied as much 
as 35°F. from the nominal. 


After heat-treatment, flats {9 in. deep 
were ground on opposite sides of each 
specimen, and hardness surveys made. One 
flat was then polished, etched with 1 per 
cent nital and examined microscopically. 

Results of microstructural and hardness 
surveys on specimens Jr1o, J12, Jr4, J21, 
J23, and J24 are given in Figs. 5 to 10. The 
hardnesses found on Jr1, J13, and Jrs5 
duplicated those of the companion bars, so 
no metallographic examination was made 
on these specimens. The percentages 
of intermediate transformation product 
(bainite) given in the figures are the 
averages of three surveys, made at 500 
diameters. 

The distances from the quenched end 
at which several percentages of bainite 
were found in bars Jro, J12, J14, and J21 
are plotted against the austenitic grain 
size in Fig. 11. These distances were read 
from Figs. 5 to 8. The cause of the decrease 
from J14 (ASTM grain size 2) to J21 (grain 
size 000) has not been ascertained. 

No undissolved carbides were observed 
in any of the specimens. To check the 
possibility that the increase in Jominy 
distance noted in the series J1o, Jr2, Jr4 
could be due to increased homogenization 
at the higher autenitizing temperatures, 
bars J23 and J24 were run. Both were 
austenitized at 1500°F., but J23 received 
a preliminary homogenization treatment 
while J24 did not. As Figs. 9 and to 
indicate, no significant difference was 
found. 
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DISCUSSION 
(F. M. Walters, Jr., presiding) 


G. K. MAnninc.*—It seems to me that 
Table 2 deserves considerably more attention 
than has been given it in the paper. In the 
lower part of this table, it may be noted that 
increased time at 800°F . produced no consistent 
trend in increasing the amount of transforma- 
tion that occurred. For example, with an initial 
treatment of 16 min. at 1200°F., 7 sec. at 800°F. 
caused the formation of 1o per cent bainite, 
but after 8 sec. at 800°F: (using the same initial 
treatment) none was visible at 500 diameters. 

* Assistant Supervisor of Process Metal- 


lurgy, Battelle Memorial Institute, Columbus, 
Ohio. 








es ye 
Ppa Rete Kee re 


So sh saa a see cia 


aes he 


rea ee ee 
o~ 





440 ANISOTHERMAL DECOMPOSITION OF AUSTENITE 


Furthermore, the lower part of Table 2 indi- 
cates that specimens held for 32 and 48 min. 
at 1200°F. and then quenched to room tem- 
perature, though containing no ferrite, did 
contain some bainite that formed during cool- 
ing from 1200°F. The implication is that all 
isothermal studies conducted over the past 15 
years are open to question. If time spent at 
1200°F. is capable of so nucleating bainite that 
even a severe quench to room temperature 
permits the formation of bainite, one wonders 
how it was possible to construct the early 
isothermal diagrams, especially if one recalls 
that many of the early diagrams were for steel 
of far lower hardenability than that studied 
by the authors. 

To me, the results suggest that the authors 
did not have proper control of all the variables 
that might affect the isothermal results, such as 
decarburization of their thin specimens during 
austenitizing at rather high temperatures, 
failure to obtain a reasonable degree of homo- 
geneity within the steel prior to making the 
tests, or any one of a number of other things. 


R. A. Grance.*—The authors have nicely 
summarized the little that has been published 
relative to the effect of holding austenite for a 
time too short for its complete transformation 
at a given temperature level upon subsequent 
transformation at another temperature level. 
It is evident that a large amount of new data 
will be necessary to permit theoretically sound 
and accurate estimation from isothermal data 
of the beginning, progress, and ending of 
transformation as it occurs during continuous 
cooling. There are, however, difficulties in 
acquiring the necessary experimental data, 
since probably the ordinary methods of meas- 
uring isothermal transformation are not 
sufficiently precise for this purpose. We have 
found, in particular, that segregation (banding), 
present to some degree in most steels, makes 
accurate and reproducible measurement of 
“nucleation effects” extremely difficult, and 
suggest that this may account for the erratic 
results presented in Tables 2 and 3. 

We have studied the effect of holding for a 
‘fractional time’’ at a temperature level where 
proeutectoid ferrite forms upon subsequent 
transformation to bainite, and such data as 


*U. S. Steel Corporation, Research Labora- 
tory, Kearny, N. J. 


we have confirm those of the authors, which 
show that the “nucleating effect” of pro- 
eutectoid ferrite is approximately additive with 
respect to transformation to bainite. We are 
inclined to believe, however, that its impor- 
tance with respect to hardenability may have 
been somewhat overemphasized in the paper. 
Fig. 11, which summarizes the authors’ data on 
the effect of austenite grain size upon the end- 
quench hardenability of SAE-4140 steel, is 
interpreted by them as evidence that the longer 
“initiation time” for ferrite in. coarse-grained 
austenite decidedly increases hardenability. 
While in agreement with the authors that this 
effect would contribute to greater hardenabil- 
ity, we doubt that all the difference in harden- 
ability shown in Fig. rz can be attributed 
entirely to this source. It would seem to us that 
some other factor that influenced hardenability 
had not been eliminated, since, on the basis of 
the effect of nucleation, one would expect the 
hardenability for an austenite grain size of 
No. oo00 ASTM to be greater than for a grain 
size of only No. 2; in Fig. 11, however, the 
reverse is shown. We happened to have results 
of end-quench hardenability tests for SAE-4140 
steel austenitized at 1550°F. (grain size 7-8) 
and at 2000°F. (grain size 2-3). Unlike the 
authors’ tests, these were quenched directly 
from the austenitizing temperature, but, 
according to Jackson and Christenson,*®* this 
difference should have no very great effect 
in a steel with as much hardenability as SAE- 
4140. In our tests, we observed that the measur- 
able beginning of transformation to bainite in 
the coarse-grained bar occurred slightly nearer 
the quenched end than it did in the fine-grained 
bar. Since the “nucleating effect’’ would be 
expected to have its greatest influence on the 
location of the first trace of bainite, it is evident 
that in these particular tests, which were 
quenched directly from the austenitizing tem- 
perature, as would usually be done in practice, 
the difference in “‘fractional time’’ spent in the 
proeutectoid-ferrite temperature range had no 
observed effect upon hardenability; presumably 
the effect was there, but masked by other 
factors. Therefore, it would seem that in 
practice the increase in hardenability due to 


35 C, E. Jackson and A. L. Christenson: The 
Effect of Quenching Temperature on the 
Results of the End-quench MHardenability 
Test. Trans. A.I.M.E. (1944) 158, 125. 
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“nucleation effects’ may sometimes be 


obscured by other factors. 


MEMBER.—I would like to ask Capt. Hollo- 
man if he would tell us the exact procedure in 
his method of quenching in determining his 
point. I noticed that the specimen size is 
exceedingly thin, 9 of an inch. This thin 
specimen might have a great deal of effect on 
the results on temperature, especially with the 
very short quenching times he used. 


J. H. Hottomon, J. D. Jarre, M. R. Nor- 
ron (authors’ reply).—The scatter in our 
results, pointed out by Mr. Manning, has been 
well explained in Mr. Grange’s discussion. It is 
true that our data raise some doubt as to the 
validity of previously determined isothermal 
diagrams. However, in most isothermal studies, 
little attention has been paid to formation of 
less than 1 per cent transformation product. We 
found that after holding SAE-4330 for 32 to 
48 min. at 1200°F. only traces of bainite formed 
during quenching to room temperature. Subse- 
quent work, not yet published, indicates that 


the time for formation of 1 per cent bainite 
may be less sensitive to incubation in the ferrite 
range than is the time for the appearance of 
traces of bainite. 

Through error, the thickness of our SAE-4330 
specimens was given in the Preprint as 49 in., 
instead of the correct %¢ in. Most of the 
details of the quenching procedure used for 
these specimens are given in the paper. An iron 
wire inserted in a small hole drilled near one end 
of the specimen was used for handling. A small 
horizontal tube furnace was employed for 
austenitizing, a 3-in. diameter solder pot for the 
1200°F. treatments, and a 3-in. diameter pot 
containing Wood’s metal for the 800°F. treat- 
ments. To minimize transfer times, the fur- 
naces were placed only a few inches from each 
other and from the beaker of quenching water. 
The time for each transfer probably never 
exceeded 144 sec. Handling and timimg were 
done manually; timing errors of perhaps 1 sec. 
at 800°F. probably contributed to the scatter 
of the data. Temperatures used for treatment of 
the SAE-4330 were controlled automatically 
and were reproducible to + 2°C. 











The Relationship between Transformation at Constant 
Temperature and Transformation during Cooling 


By G. K. MANNING* anp C. H. Loric,tj Mempers A.I.M.E. 


(Chicago Meeting, February 10946) 


Two metallurgical tools have acquired 
wide use within the past several years as 
a means of studying the transformation 
characteristics of steel. One is a technique 
used first by Bain and Davenport for 
determining the transformation charac- 
teristics of a steel at constant temperature; 
the second is the end-quench hardenability 
test. 

Constant-temperature _ transformation 
curves like those of Bain and Davenport 
have done much to rationalize the metal- 
lography of steel; however, in commercial 
practices, constant-temperature transfor- 
mation is seldom encountered, therefore 
only rarely can such curves be directly 
applied. The real reason for the determina- 
tion of such curves lies in the fact that 
they provide a way of thinking about 
transformation that is both convenient and 
productive. 

The end-quench hardenability test is a 
more practical means of studying trans- 
formation, for, by correlating positions on 
the hardenability bar with shapes of 
different masses, an almost direct applica- 
tion of the results can be made. Unfor- 
tunately, the end-quench test, though 
practical, can do very little toward improv- 
ing the metallurgists’ way of thinking 
about transformation. 

These two metallurgical tools, dealing 


Manuscript received at the office of the Insti- 
tute Nov. 5, 1945. Issued as T.P. 2014 in 
METALS TECHNOLOGY, June 1946. 

* Assistant Supervisor, Battelle Memorial 
Institute, Columbus, Ohio. 
Tt Supervisor, Battelle Memorial Institute. 


with precisely the same phenomenon, 
should be very closely associated in metal- 
lurgists’ minds. Actually, they are fre- 
quently pushed into separate mental 
corners and considered as being more or 
less distinct and unrelated. The reason 
for this is that no strong connecting link 
between them has been developed. An 
attempt is sometimes made to relate these 
two tools by projecting the critical cooling 
rate on the isothermal transformation plot 
as illustrated in Fig. 1. The critical cooling 
rate is considered as a constant rate— 
though in practical applications, cooling 
rates are never constant—and this constant 
cooling rate is given uniform significance 
from the Ae temperature down to the 
temperature of initial transformation. A 
little thought indicates the errors of such 
a procedure. Certainly the time interval 
spent just below point A of Fig. 1 cannot 
be as effective in promoting nucleation as 
is the time interval spent just above point 
B. Yet the procedure represented in Fig. 1 
considers all the time spent between tem- 
peratures A and B to be just as effective 
in promoting nucleation as though all the 
time were spent at temperature B. Further- 
more, change the shape of the isothermal 
curve between points B and C in any way 
desired, and the required critical cooling 
rate is not changed one iota. This cannot 
possibly be true. Such a way of thinking 
about critical cooling rates not only is 
incapable of giving any results that are 
quantitatively satisfactory but is likely 
to give very misleading qualitative results. 
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Another method of relating cooling rates 
to isothermal transformations has been 
developed by Grange and Kiefer.’ The 
proposed formulas are empirical and are 
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Line CBD represents the initial transformction curve of a given steei 


Line AB represents the cooling curve sometimes visualized as the 
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Fic. 1.—ONE COMMONLY USED METHOD OF RELATING TRANSFORMATION DURING COOLING AND 
TRANSFORMATION AT CONSTANT TEMPERATURE. 


of no assistance in improving one’s way 
of thinking about the relationship between 
transformation during cooling and trans- 
formation at constant temperature. Such 
empirical formulas cannot be used with 
confidence, because even though they may 
have been satisfactory for a number of 
tested steels, one cannot be confident that 
they will apply to a new steel. 

An investigation of the relationship 
between the transformation at constant 
temperature and transformation during 
cooling’ constituted part of a research 
program sponsored by the National De- 
fense Research Committee of the Office 
of Scientific Research and Development, 


' References are at the end of the paper. 


to publish this work, to the War Metallurgy 
Division of N.D.R.C. and the War Metal- 
lurgy Committee for supervising and 
directing the research, and to various 
members of the Battelle staff, particularly 
P. C. Rosenthal and A. R. Elsea, for their 
helpful contributions. 


EXPERIMENTAL WORK 


Five steels that varied in chromium 
content from 0.5 to 2.5 per cent were used 
in the experimental work. These steels 
were made as induction-furnace heats, and 


* This work was done in whole under Con- 
tract No. OEMsr-450 between Battelle Me- 
morial Institute and the Office of Scientific 
Research and Development, which assumes no 
responsibility for the accuracy of the state- 
ments contained herein. 
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cast as 50 lb., big-end-up, hot-topped 
ingots. The chemical analysis of each steel 
and the sizes to which the ingots were 
forged and rolled are given in Table 1. All 
five steels were deoxidized with 1} lb. of 
aluminum per ton. 
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to represent “the beginning and the end 
of transformation.” An of two 
nuclei per field at 500 diameters was chosen 
as the beginning, and an average of two 
untransformed particles per field at 500 
diameters was chosen as the end. 


average 


TABLE 1.—Chemical Composition and Size of Product 





























Analysis, Per Cent 
Steel os Size Product, In. 
| 
Cc Mn Si Cr Mo Cu Ni S Pp 

A 0.30 | 0.49 | 0.41 | 0.51 | 0.41 | 0.05 | 0.04 | 0.03 0.011 | %6% plate, % round 
B 0.28 | 0.49 | 0.41 | 1.00 | 0.41 | 0.05 | 0.04 | 0.03 0.011 | %6 plate, % round 
Cc 0.29 | 0.49 | 0.40 | 1.49 | 0.41 | 0.05 | 0.04 | 0.03 0.011 | %6 plate, 3% round, 144 round 
D 0.30 | 0.60 | 0.36 | 2.04 | 0.33 | 0.04 | 0.03 | 0.027 | 0.008 | \¢ plate, 144 roun 
E 0.29 | 0.50 | 0.34 | 2.40 | 0.34 | 0.05 | 0.03 | 0.026 | 0.008 | 36 plate, 14 r 
« After forging and rolling, both the round and flat stock of all heats were heated for 2 hr. at 1700°F., air 


cooled, and drawn for 1 hr. at 1200°F. 


DETERMINATION OF ISOTHERMAL 
TRANSFORMATION CURVES 


The 34 ¢-in. plate stock was used through- 
out for the isothermal transformation speci- 
mens. Approximately 14. in. was removed 
by grinding from each side of the plate 
and the resultant .-in. sheet was sawed 
into strips about 14 in. wide, after discard- 
ing 4 in. from all edges of the original 
sheet. The 13- by M¢-in. strips were 
then sheared to specimens approximately 
lig by Me by in. The specimens were 
attached to wire of 0.080-in. diameter, and 
were austenitized by heating for 10 min. 
(total time) at 1700°F. in a small electric 
muffle furnace. Isothermal treatments 
above 800°F. were done in a small lead 
pot, and those at 800°F. or below in a 
small Wood’s metal pot. After treatment, 
the specimens were cut midway their 
length,, mounted in Bakelite with the 
freshly cut face exposed, polished, and 
examined at a magnification of 500 diam- 
eters. The method of sectioning resulted 
in the examined plane being always parallel 
to the direction of rolling. Since trans- 
formation follows an asymptotic curve, it 
became necessary to choose two arbitrary 
points on the transformation-time curve 


. product to appear at 


In an effort to determine the beginning 
and end of transformation (particularly the 
beginning) as accurately as_ possible, 
specimens were isothermally treated at 
50°F. intervals between 1500° and 700°F. 
and at 25°F. intervals in the positions 
of the curves where the slopes were chang- 
ing rapidly. About 250 specimens of 
each steel were isothermally treated and 
examined. 

Isothermal transformation curves for 
the five steels are shown in Figs. 2 through 
4. The nature of the first transformation 
any temperature 
attracted particular attention. From the 
Aes; temperature down to approximately 
1200°F., the first product to appear in all 
five steels was equiaxed ferrite, as illus- 
trated in Fig. 5. For the purpose of this 
paper, such transformation particles have 
been termed “blocky ferrite.” Below 
1200°F., the shape of many of the first 
ferrite particles to appear changed from 
equiaxed to acicular. At 1100°F., all of 


the blocky ferrite disappeared and the 
beginning transformation product was 
found to consist entirely of acicular 


ferrite, herein termed ‘‘spear ferrite,”’ as 
illustrated in Fig. 6. The first transforma- 
tion product appeared to be 50 per cent 
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blocky ferrite and 50 per cent spear 
ferrite at 1130°F. The temperatures given 
for the transition from blocky to spear 
ferrite seemed to be common to all five 


°F 


TEMPERATURE 


| 
! 


Steel A (.51 % Cr) 


(2) o 
N 0 


AND C. H. LORIG 445 


bainite was 930°F., but the whole transi- 
tion range covered not more than 50°F. 
(go00° to g50°F.). Again, the temperature 
of transition appeared to be common to 
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steels, though, of course, the time required 
to start transformation differed greatly 
for the different steels. Spear ferrite was 
observed to be the initial transformation 
product from 1100 to about 930°F. Below 
930° F. the general shape of the first 
product was still acicular but became an 
agglomerate of ferrite and carbide rather 
than simply ferrite. This agglomerate is 
termed bainite (see Fig. 7) in this report. 
The transition from spear ferrite to bainite 
was somewhat sharper than the transition 
from blocky ferrite to spear ferrite. The 
temperature at which the first product was 
50 per cent spear ferrite and 50 per cent 


all five steels. As isothermal treatments 
were carried out at still lower temperatures, 
the bainite became gradually finer in ~ 
appearance. Below 825°F., it was difficult 
to resolve the transformation product 
at soo diameters, and at 750°F. and below, 
it was impossible to resolve the prod- 
uct even with the use of oil-immersion 
objectives. 

This series of steels, differing principally 
in chromium content, permits some ob- 
servation about the effect of chromium 
on the isothermal transformation curves. 
The most conspicuous change is the split 
that occurs between the pearlite and 
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bainite portions of the curves, previously 
recorded by several investigators. Be- 
ginning transformation at the nose of 
the blocky ferrite range is progressively 


end of transformation, on the other hand, 
was not uniformly retarded by increasing 


chromium contents. Note from Fig. 2a 
that the minimum time for complete 
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retarded by increasing the chromium. A 
change in the chromium content from o.5 
to 2.5 per cent causes an increase of some- 
what more than tooo per cent in the time 
required for initial transformation — at 
1350°F. The beginning bainite transforma- 
tion line is similarly shifted, but at 800°F. 
the shift occasioned by varying the 
chromium from o.5 to 2.5 per cent is less 
than 600 per cent. Chromium, then, 
appears to have a very material effect 
on both the upper and lower portion of the 
isothermal curves, though the effect is 
somewhat less in the lower portion. The 


transformation of the o.5 per cent chro- 
mium steel was 800 sec. at about 1260°F.. 
but in the 1 per cent chromium steel it 
was 550 sec. at about 1300°F. Thus, it is 
not inevitable that annealability will de- 
crease with each increase in hardenability. 


STEP-COOLING TESTS 


In attempting to relate beginning 
transformation during cooling with be- 
ginning transformation at some constant 
temperature, it became important to know 
the effect of time spent at, say, 1300°F. 
upon subsequent nucleation at, say 
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1200°F. Consequently, a series of step 
tests was made on steels C and E. Speci- 
mens of the same size used for determination 
of the isothermal transformation curves, 
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temperature. This temperature range corre- 
sponds with the blocky ferrite range pre- 
viously noted. From about 1100°F. down 
to 700°F., the results indicate the presence 
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and the same austenitizing time and 
temperature, were employed. Two lead 


pots were used instead of one. The speci- 
mens were quenched for a prearranged 
time, first in the lead pot operating at the 


higher prearranged temperature, then 
in the lead pot operating at the lower 
prearranged temperature, and finally, 


quenched to room temperature in water. 
The results of these tests are given in 
Table 2. 

The results indicate that, from the Ae; 
temperature down to 1200°F., the fraction 
of nucleation time spent at a given tem- 
perature is additive with the fraction of 
nucleation time spent at another lower 


of a second additive range, and the tem- 
perature range is composed of both the 
spear ferrite and bainite ranges previously 
noted. Thus, nucleation intervals in the 
spear ferrite and bainite ranges appear to 
be additive to themselves and also to 
each other. However, the tests started in 
the blocky ferrite range and completed 
in either the spear ferrite or bainite range 
do not indicate an additive effect. For the 
steels examined, time spent in the blocky 
ferrite temperature range did not mate- 
rially reduce the time subsequently re- 
quired for nucleation at any temperature 
below 1100°F. 

Such a situation suggests two prime 
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modes of nucleation that are distinct 
from one another. The first is the blocky 
ferrite type of nucleation occurring from 
Aes down to about 1200°F. The second is 


tion curves between 1150° and 1250°F. of 
the steels containing 2 and 2.5 per cent 
chromium may be associated with this 
change in mode of nucleation. 
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the spear-ferrite, bainite type of nucleation 
occurring from about r1100°F. down to 
700°F. and perhaps even somewhat lower. 
The fact that carbides precipitate ‘‘in 
place” at temperatures below 930°F. 
appears to be only incidental and not 
significant of a real change in the mecha- 
nism by which transformation proceeds. 
Recognition of these different modes of 
nucleation suggests that beginning trans- 
formation between 1200° and 1100°F. 
should be represented by two separate 
lines, as illustrated in Fig. 8, rather than 
by the customary continuous line. The 
unusual bulge in the beginning transforma- 


Mathematical Relationship between Initial 
Transformation during Cooling and 
Initial Transformation at Constant 
Temperature 


The results of the step tests described 
may be made the basis of a rational rela- 
tionship between initial transformation 
during cooling and initial transformation 
at constant temperature. The time spent 
at a particular temperature divided by 
the time required for beginning transforma- 
tion at that temperature is considered to 
represent a fraction of the total nucleation 
time required. When the sum of a number 
of such fractions equals one, beginning 
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TABLE 2.—Time for Beginning Transformation, Using Two Isothermal Steps 
First Step | Second Step 
Time : 
: Fraction of 
Steel ; Required inni n 
Tempera- | Time | Fraction of] Tempera. | “for | Beginning ae 
ture, Used, eaten’ | ture, Beginning mation 
Deg. F. Sec. eation Deg. F. Transfor- Time 
—e Required 
£ 1400 150 0.75 1300 30 0.25 Nucleation additive F 
E 1400 | 150 | 0.75 950 15 1.0 Nucleation not additive 
E 1400 | 150] 0.75 | 900 8 1.0 Nucleation not additive 
E 1400 150 | 0.75 } 850 6 0.86 Nucleation substantially non- 
additive : 
E 1400 150} 0.75 750 534 1.0 Nucleation not additive 
E II50 2000 | 0.5 950 ~ 0.53 Nucleation additive 
E 1150 2000 0.5 850 3 0.43 Nucleation additive : = 
E 950 8 | 0.53 900 5 0.62 Nucleation substantially additive 
E 950 Sl). 85 800 3 0.50 Nucleation substantially additive 
E 950 St. Oa 700 3 0.60 Nucleation substantially additive 
E 900 | 4 0.50 800 3 0.50 Nucleation additive : oe 
C 1450 | 400 0.50 1300 7 0.44 Nucleation substantially additive 
Cc 1450 400 | 0.50 1200 35 0.50 Nucleation additive 
Cc 1300 10 | 0.62 1200 25 0.36 Nucleation additive — 
Cc 1300 10 | 0.62 1100 75 1.0 Nucleation not additive 
Cc 1300 10 | 0.62 800 3 0.94 Nucleation substantially non- 
additive : Ss 
Cc 1100 60 | 0.80 900 <2? Nucleation substantially additive 
Cc 1000 3 | 0.57 800 <2> Nucleation substantially additive 
i 
* Each line of the table represents for the most part the average of several duplicate tests. 
>’ Times were too short for accurate determination. 
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Fic. 5.—EXAMPLE OF “BLOCKY” FERRITE 
FORMED IN STEEL D aT 1350°F. 
Fic. 6—EXAMPLE OF ‘“‘SPEAR” FERRITE 
FORMED IN STEEL D at 1000°F. 
Fic. 7—EXAMPLE OF BAINITE FORMED IN STEEL 
D aT goo’F. 
All X 500. Picral etch. 


transformation as herein defined (two 
nuclei per field at soo diameters) occurs. 
Such a line of reasoning leads to the follow- 
ing mathematical expression: 





cr °F 
(T>1130°F.) “ 
AX 1) ‘ 
a 2 pe [1] 
Tan T) 
(T = Aes) 


where Zr) equals the time in seconds for 
beginning transformation at temperature 
T, X equals the elapsed time on the cooling 
curve, (AX(m then equals a small incre- 
ment in cooling time at temperature 7), 
and Xn equals the time for nucleation 
during cooling. 

The derivation of the expression may be 
illustrated by imagining the cooling curve 
as a succession of small instantaneous 
temperature steps rather than a continuous 
change as shown in the upper diagram of 
Fig. 9. Then, AX divided by the corre- 
sponding time with respect to temperature 
for isothermal nucleation (Z as illustrated 
in the lower diagram of Fig. 9) represents 
a fraction of the total nucleation period 
If the fractions 

AX, , AX: , AX; AXn 


i A Ze as oe 








are added together until the total equals 1, 
nucleation begins according to the original 
hypothesis. Eq. 1 is an abbreviated way of 
indicating that these small fractions are to 
be summéd.f 


* Substantially the same mathematical rep- 
resentation has been suggested by S. Steinberg? 
and Erich Scheil.* Both, however, consider 
nucleation as additive throughout the entire 
Ae to Ms range. Scheil presents no data to 
substantiate his equation, and Steinberg reports 
on a single test using a 0.9 per cent carbon steel. 

tT Eq. 1, by the fundamental theorem of 
integral calculus, may be written as: 

Xn 
(T>1130°F.) 


sf 


X =o 
(T = Aes) 


However, solution of this integral makes it 
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The lower limit (X =o, T = Aes) 


imposed on Eq. 1 follows from the observa- 


tion that as Z becomes large the fraction 
AX 


becomes small. At T = 


Ae; and above, 


Z 


Temp 
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applies: 
(r>M,) 
>M, . 
AXir) _ : [2] 
Pres. Zin) 
(T =1130°F.) 








Log Time —.> 
Fic. 8. 
Solid line represents usual method of representing beginning of transformation. Broken line A 
represents the beginning of blocky ferrite transformation and broken line B represents the begin- 
ning of spear-ferrite transformation. Use of two separate lines seems more reasonable than the 


single line commonly used. 


Z becomes infinite and since AX must still 


; A 
be finite, the values for Z become zero, 


hence time X is measured from the in- 
stant when T = Ae;. The upper limit (Xn, 
T > 1130°F.) means that the instant when 
the sum reaches one is called X = Xn 
However, if the temperature falls to 1130°F. 
before the sum reaches one, the sum can 


3 AD 
never reach one (since Fo becomes zero) 


and the summation should be abandoned. 
Below 1130°F. a new nucleation process 
begins, and to it a different equation 





necessary that Z be expressed in terms of X. 
Although both X and Z have the di Rusinitine 
of time, and although both X and Z are some 
function of temperature, the expression of one 
in terms of the other is awkward and a gra :ph ical 
solution is more easily accomplished 





The results of the step tests indicate that 
Eqs. 1 and 2 are not additive or related. For 
lack of better experimental data, 1130°F. 
has been used as a sharp division point 
between the two summations. Actually, if 
separate Z values for blocky ferrite and for 
spear ferrite could be determined within 
their overlapping range, there would be no 
justification for arbitrarily restricting the 
lower limit of Eq. 1 or the upper limit of 
Eq. 2. Practically, however, such overlap- 
ping Z values for the steels tested are 
sufficiently large that no significant error 
results from dividing the two summations 
at 1130°F. 

The accuracy of the graphical solution for 
Eqs. 1 and 2 is determined by the difference 
in the T values for which corresponding AX 
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and Z values are computed. As the differ- 
ence T; minus 72, T, minus 73, 7; minus 74, 
. .. becomes smaller the accuracy is 
improved. 
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Fic. 9.—CHART ILLUSTRATING SYMBOLS USED 
IN DERIVING EQUATION I. 


Eqs. 1 and 2 are not dependent for solu- 
tion upon a constant cooling rate. The only 
requirement is that the cooling rate 
throughout the significant range be known. 
Furthermore, no undue importance is at- 
tached to the Aes temperature. As the Ae; 
temperature is approached, values for Z 
become very large and individual values for 


- become insignificantly small. Actually, 


the Aes temperature need not even be 
known. 


INTERRUPTED END-QUENCH TESTS 

It was desirable to check the validity 
of Eqs. 1 and 2 when applied to con- 
tinuously cooled specimens. The very 
commonly used end-quench hardenability 
test seemed well suited for such a pur- 
pose. Liedholm’s‘ publication of complete 
cooling curves from 1500° to 200°F. for 
specimen of -in. diameter, together 
with the method he described of inter- 
rupting the standard quench by a drastic 
over-all quench of the end-quench bar, 
gave the needed information and a method 
for carrying out such tests. A little later, 
carefully determined cooling curves for 
end-quenched hardenability bars of 1-in. 
diameter, by Boegehold and Weinman,' 
became available. However, work with the 
ly-in.-diameter bars already had been 
started. Consequently, steels A, B, and C 
were tested as -in.-diameter bars and 
steels C, D, and E, were tested as 1-in. 
bars. 

Details of each hardenability specimen 
and of the quenching apparatus employed 
are given in Fig. 1o. 

The hardenability bars (both sizes) 
were austenitized by heating for 20 min. 
(total time) at 1700°F. Twenty minutes 
heating for these specimens gave roughly 
the same time at temperature as heating 
the small isothermal specimens for 10 min. 
Specimens of each steel were then placed 
in the quenching jig and end-quenched 
in the usual way for some prearranged 
time, and then quenched all over by use 
of a spray attachment. Periods of 5, 10, 
15, 20, 25, 30, 40, 50, 60, 80, go, 100, I1I0, 
120, 130, 140, 150, 160, 170, 180, 190, and 
200 sec. before complete quenching were 
used for all the steels. Time was counted 
from the instant the standard water column 
touched the end of the specimen, the 2 to 3 
sec. required to transfer the specimen from 
the furnace to the jig being disregarded. 
After quenching, flats 0.015-in. deep were 
wet-ground 180° apart on the specimens 
and the usual hardness determinations 
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FIG. 10.—TYPE OF SPECIMENS AND QUENCHING JIG USED. 





oA, execpt ite < pee 





Rae Ta a 


Petes 


el ea 





a tis 9 kta ae: 





454 TRANSFORMATION AT CONSTANT TEMPERATURE AND DURING COOLING 
















































































1500 
1400 Cf =m 
CE 

1300 "4 
: 1200 Y Og 
: LO 

1100 a 7 
Fd % 
Pe 1000 
Ps 
: 900 Z we 
E hy 

800 et 

700 

600 

500 















































30 
40L.. 


DISTANCE FROM QUENCHED END OF '!°- DIAMETER BAR 


Fic. 11.—TEMPERATURE OF 14-IN. SPECIMEN (END-QUENCHED FROM 1700°F.) AFTER VARIOUS 
TIMES IN THE STANDARD FIXTURE. (After Boegehold and Weinman.) 
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Fic. 12.—TEMPERATURE OF INCH SPECIMEN (END QUENCHED FROM 1650°F.) AFTER VARIOUS TIMES 
IN THE STANDARD FIXTURE. (After Liedholm.) 
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were made.* An additional 0.015 in. was 


then removed from one side of each 
specimen, to give a band sufficiently 
wide for metallographic polishing and 


examination. 
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the bands described in any one of the 
interrupted specimens was dependent on 
the time that elapsed before the specimen 
was quenched all over. The martensite 
formed at the slow-cooled end of the bar by 
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FIG. 13.—BEGINNING TRANSFORMATION USING }4-IN. DIAMETER END-QUENCHED BAR. STEEL A 
0.51 PER CENT Cr). 


Various microconstituents were apparent 
along the side of the hardenability bars 
quenched for 1o min. with the standard 
jet. Starting at the fast cooled end, a band 
of too per cent martensite was first en- 
countered ; following this, a band of bainite 
and martensite in which the bainite 
gradually became coarser was apparent; 
further back, spear ferrite, bainite, and 
martensite were found; and finally, in all 
the steels except D and E, blocky ferrite, 
spear ferrite, bainite, and martensite 
were evident. The hardenability of all 
five steels was sufficient to prevent pearlite 
from being formed. The presence of all 

* These hardness determinations have not 
been included in the report because nothing 
unusual developed from the surveys. The hard- 


ness curves had the general shape illustrated 
by Liedholm.‘ 


the over-all quench was always slightly 
lighter in color than the martensite 
present at the fast-cooled end, indicating 
that a drastic quench was being obtained 
by the over-ali quench. 

A clear-cut separation of the bands 
described was not possible because the 
various structures gradually shaded into 
one another. Transformation was occurring 
during cooling rather than at constant 
temperature, as with isothermal specimens. 
Therefore, a variety of microconstituents 
was present in a single field under the 
microscope, and an accurate classification 
of each constituent could not be made. 

However, the presence of the last trace 
of transformation product (other than 
the white martensite formed by the over-all 
quench) as the slow-cooled end of the bar 
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was approached could be determined 
accurately. The specimens were rated by 
measuring with a micrometer stage the 
distance from the jet-quenched end to 
the location at which an average of two 
nuclei per field at 500 diameters was 


TABLE 3.—Resulis of Metallographic Ex- 
amination of Interrupted end-quenched 

















Bars 
Distance from Jet-quenched 
End to ‘*Two per Field”’ 
Location of Transformed 
' , Product, Sixteenths of an 
Time in End Inch 
Quench 
a 
to Quenching | y¢ inch-diam- 1-inch-diam- 
Sec. | eter Bars eter Bars 
Steel | Steel | Steel | Steel | Steel | Steel 
A B Cc E 
5 4.21 2.8..2.0 24" 2.03 
10 7. 3S. HY ae Sa Sa 89 
15 10.4] 7.9] 5.9] 5.3] 4.4] 3.7 
20 14.5} 9.7] 7.4] 6.6) 5.8] 4.2 
25 20.0} 11.4) 8.8 6.6] 5.0 
30 34.5) 17.4] 10.6) 9.0) 7.8) 5.6 
40 off off | 12.9) II.I| 9.4 
bar | bar | 15.9 
50 19.0] 15.1] 11.2} 7.7 
60 off 12.6] 10.1 
70 bar 14.0} 10.9 
80 15.4) I1.9 
90 16.6} 14.2 
100 18.5) 14.6 
110 15.9 
120 21.9] 17.3 
130 24.2) 18.2 
140 26.5) 19.8 
150 28.9) 21.1 
160 31.3) 22.7 
170 33.5) 24.1 
180 36.5] 25.2 
190 39.4) 26.6 
200 off | 29.6 
bar 























apparent. Two nuclei per field at 500 diam- 
eters was taken as the point of beginning 
transformation, to be consistent with the 
method used in determining the isothermal 
diagrams. Usually the nature of this con- 
stituent was apparent (i.e., whether it was 
bainite, spear ferrite, or blocky ferrite), but 
it was not necessary to classify it. It must 
have just started to form at the time the bar 
was quenched all over. By determining its 
distance from the jet-quenched end, by 
knowing the elapsed time before quenching 


all over, and by use of the available cooling 
data, the temperature of formation of the 
constituent could be determined, and its 
nature, therefore, known by reference to the 
isothermal diagram. 

The results of the metallographic exami- 
nation are given in Table 3. To use con- 
veniently Liedholm’s cooling data and 
Boegehold and Weinman’s cooling data, it 
was necessary to replot them. These replots 
are shown in Figs. 11 and 12. Combination 
of the metallographic results and the cool- 
ing data makes possible the location of a 
number of points on a temperature-distance 
plot (end-quenched bar), each point repre- 
senting beginning transformation along an 
end-quenched bar as it is cooled. Such ex- 
perimental points have been plotted in 
Figs. 13 through 18. Using the isothermal 
diagrams, the cooling data for end-quenched 
bars, and Eqs. 1 and 2, it is possible to 
determine a different set of points repre- 
senting the same thing. This second set of 
points has been shown in Figs. 13 through 
18 as a solid line. The mechanics of arriving 
at the points constituting these lines are 
given in the Appendix. 

The significance of plots such as those 
shown in Figs. 13 through 18 is to indicate 
the temperature at which beginning trans- 
formation occurs along an end-quench bar. 
Once transformation begins, additional 
transformation occurs on continued cooling. 
Such diagrams would be more complete if 
they contained an “‘end of transformation” 
line. However, because of the laboratory 
work involved, and because the “ beginning 
transformation ” line appears to be the more 
important from a practical standpoint, the 
“end of transformation” line was not 
considered. 

It should be noted that while end- 
quenched bars have been used to test the 
validity of the mathematical expression 
presented, the application of the expression 
is by no means limited to end-quenched 
bars. Similar plots can be made for any 
shape or any sized part, provided the cool- 
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Fic. 15.—BEGINNING TRANSFORMATION USING }$-DIAMETER END-QUENCHED BAR. STEEL C (1.49 
PER CENT Cr). 
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FIG. 16.—BEGINNING TRANSFORMATION USING I-INCH DIAMETER END-QUENCHED BAR. STEEL C 
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Fic. 18.—BEGINNING TRANSFORMATION USING I-IN.-DIAMETER END-QUENCHED BAR. STEEL E 
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ing curves for different locations in the part 
are known. 

If the mathematical expression correctly 
represents the relation bet ween transforma- 
tion at constant temperature and trans- 
formation during cooling, the experimental 
points should fall on the calculated line, but 
while the calculated and experimental 
values check quite well for Figs. 13, 15, 16, 
and 17, the correlation is poor in Figs. 14 
and 18. 

One source of error might be that the 
cooling rate actually realized in the harden- 
ability bars of a particular steel varied 
materially from the cooling rates used in the 
calculation. Liedholm’s data were deter- 
mined by using SAE 6130 specimens aus- 
tenitized at 1700°F.; Boegehold and Wein- 
man’s cooling data were determined by 
using NE 9445 austentized at 1650°F. In an 
effort to determine whether the lack of 
agreement between the calculated and 
experimental data could be assigned to use 
of improper cooling rates in the calculations, 
the cooling rates at various positions of 
1-in.-diameter end-quenched specimens of 
steel E austenitized at 1700°F. were 
measured. 

The data thus obtained were used to 
recalculate the diagram for steel E. The 
recalculated data are shown in Fig. 19. 
The agreement between the calculated 
line and experimental points (Fig. 19) is 
no better than the original plot (Fig. 18). 
Comparison of the cooling curves obtained 
for steel E with Boegehold and Weinman’s 
curves showed only very insignificant 
variations, a fact evidenced by the very 
close agreement between the calculated 
lines and the experimental points in Figs. 
18 and 19. Therefore, it does not seem 
possible that errors involving the cooling- 
rate determinations could account for 
the disagreement in Figs. 18 or 19. 

The discrepancies that occur between 
the experimental points and the calculated 
lines on two of the plots cannot be properly 
explained at present. 


SUMMARY 


The relationship between beginning 
transformation during cooling and be- 
ginning transformation at constant tem- 
perature of five 0.30 per cent carbon alloy 
steels of various chromium contents was 
studied. Specimens of two of the five steels 
were quenched in two temperature steps 
rather than the single step commonly used 
in studying isothermal transformation. 
With this procedure, it was found that from 
the Ae; temperature down to about 1130°F. 
the time spent at a given temperature 
divided by the time required for beginning 
isothermal transformation at that tempera- 
ture may be regarded as a fraction of the 
nucleation period, and that when the sum 
of such fractions equaled one nucleation 
began. Temperatures from about 1130°F. 
to the M, temperature constituted a 
distinct range that was not additive with 
the higher range mentioned. This concept 
may be used as the basis of a mathematical 
expression that permits calculation of the 
temperature at which transformation be- 
gins during cooling. In checking the validity 
of the mathematical expression by use of 
end-quench bars (for which accurate 
cooling curves were available), it was 
found that the experimental data and 
calculated data differed appreciably for 
two of the five steels. Evidently, some 
further refinements in the procedure are 
desirable. However, the procedure appears 
to be a logical way of linking transforma- 
tion at constant temperature with trans- 
formation during cooling. 


APPENDIX.—Calculating of Beginning 
Transformation during Cooling, from 
Cooling Data and the Isothermal 
Transformation Curve 


; ~ AX 
To use the equation ie =1 for 


calculation of beginning transformation 
during cooling, it is convenient to first plot 
the cooling curve on linear coordinates 
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using temperature as the ordinate. The 
finite range to be represented by individual 
AX values must next be selected. Choice 
of this range affects the preciseness of the 


A 
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each 20°F. interval. The reciprocal of the 
slope multiplied by the chosen interval 
(in this case 20°F.) give the AX values.* 
These AX values are interpreted as apply- 


TABLE 4.—AX (20°F.) Values from Boegehold and Weinman’s Cooling Data 














Mean 
Temp., Distance From Jet-Quenched End of 1-Inch Hardenability Bar in Sixteenths of an Inch 
oy. 1 € 3 u 5 ge 4 g 10 12 14 16 20 2b _e % 
1480 0.046 0.06 0.09 0.12 0.18 0.27 0, 38 0.54 0.75 1.0 1.33 1.60 2.41 2.60 3.80 3.85 
1460 0.044 0.06 0.10 0.18 0.19 0.28 0.40 0.55 0.8 1.05 1.35 1.62 2.42 2.62 3.85 Pe +4 
1440 0,043 0.06 0.11 0,15 0.23 0.29 O.W2 0.58 0.82 1.08 1. 1.65 ae 2.70 3.90 .10 
1420 0.041 0.06 0.11 0,16 0.27 0.33 0.43 0.60 0.83 1.13 2k 1,70 2. 2.80 3.95 4.12 
1400 0,039 06 0.11 0.17 0.27 0.35 0.45 0.61 0.86 1.15 1.47 1.80 2.55 2.90 4,00 4.18 
1360 0,038 0.06 0.11 0,18 0,32 0.36 O.47 0,62 0.88 1.18 1.49 1.82 2.46 2.93 4.01 4.20 
1360 0.037 0.06 0.12 0.19 0.32 0.38 0.50 0,63 0.93 1.20 1.50 1.85 2.47 3.00 4,02 4,25 
1340 0,035 0,06 0,11 0.20 0.32 0.41 0.53 0.65 0.97 1.23 1.52 1.92 2,48 3.20 4.05 4, 
1320 0.034 0.07 9.12 0.22 0.34 0.43 0,58 0.70 1.00 1.29. 1,55 1.95 2.50 3.28 4.10 ues 
1300 0.032 0.07 0.13 0.23 O.38 o,ub ae 2° Le ite OS 2.00 2.52 3.30 4.20 4.70 
1260 0.031 0.08 0,148 0.2% 0,38 0.45 0.64 0.78 1.05 1. 1.67 2.10 2.55 3-95 a) 4.75 
1260 0.031 0.09 0,14 -25 0.40 O.47 0.66 0.80 1.11 1, Soa | 2.58 3. 45 4,80 
12 0.030 0.09 0.15 0.26 0.40 0.50 0,70 0.83 1.2% 1.43 1.75 2.15 2.61 3.45 4.50 4.85 
1220 0.030 0.10 0.16 0.27 0.42 0.51 0.72 0.85 1.22 1.45 1.80 2.21 2.63 3.60 4.70 4.90 
1200 0.030 0.10 0.17 0.28 0.43 0.52 TH 0.92 1.25 1.53 1.909 2.30 2.70 3.65 4.90 5.00 
1180 0,030 0.10 0.18 0.29 0.45 0.57 6.80 0.95 1.30 1.62 2,00 2.33 2.82 3.80 4.95 5. 
1160 0.030 0.11 0.18 0.30 0.48 0.63 o.86 0.98 "3 1.65 2.05 2.40 2.85 3.85 5.00 4 
1140 0.030 0,11 0.19 0.31 0.50 0.65 0.87 1.0 1. 1.69 2.10 2.50 2.95 £-2 5.05 5.50 
1120 0,030 0,12 0.20 0.33 0.50 0.66 0.90 1.09 1.42 1.75 2.23 2.60 3.05 00 5.10 5.85 
1100 0.030 0,12 0.21 0.35 0.53 0.72 0.96 1.15 1.55 1.86 2.28 2.70 3.25 &.30 5.30 5.95 
1080 0.030 -13 0.23 0.37 0.58 0.76 1.01 1.25 1.62 1.98 ae 2.76 3.52 4.50 5.40 6.00 
1060 0.031 0,13 0. 0.40 0.56 0.80 1.06 1.35- 1.66 2.00 2. 2.8 3.63 4.69 5.60 a4 
1040 0.031 0.14 0.28 0.43 0.62 0.83 1.1 1.40 1.72 2.18 2.55 2.92 3.73 4.75 5.70 6. 
1020 0,031 0.15 0.29 0.46 0.65 0.86 1.14 1.53 1.85 2.28 2.63 3.20 4,05 4.90 5.85 6,60 
1000 0,032 0.15 0.32 0.50 0.70 0.92 1.18 1.57 1.93 2.33 2.72 3,30 4.10 5.20 6.20 7.0 
960 0.034 0.16 0.33 0.5% 0.72 1.0 1.23 1.66 1.97 2.45 2.80 3.50 4.2 5.25 6.65 7.40 
960 0.035 17 (0.35 «40.58 O.77 1.09 1.35 1.75 2.06 2.51 3.00 3,60 uke 5.50 6.85 7.80 
940 0.0% 0,18 0. 8? 0.61 0.80 1.15 1,4 1.92 2.20 2.70 3.02 3.70 4.80 5.60 7.05 8.25 
920 — 0.19 0. 0.64 0.82 1.29 1.52 1.9% 2.28 “2,81 3.22 ~3.80 5.00 5.90 7.50 8.85 
900 0.043 0.20 0.45 0.67 0.88 1.33 1.53 “2,1 2.32 3.00 3.50 3.90 5.30 6.10 7.80 9.20 
850 0,047 0.22 0.50 0.71 0.96 2.44 1.69 2,2 2.58 3.18 3,80 4,10 5.45 6.40 6.30 9.50 
860 0,051 0.24 0.55 0.76 1.06 1.52 1.84 2.23 2.60 3.90 4.00 4,4O 5.60 6.70 8.90 10,3 
840 0.056 0727 0.58 0.80 1.13 1.58 1,9 2.3 a © 4.18 455 6.00 6.90 9.40 10.8 
820 0.058 0.29 0.62 0.86 1.23 1.64 1.97. 2, 2.90 3.65 4.30 4.85 6.15 7.10 9.60 11,3 
600 0.064 0.32 0,65 0.91 1.36 1.76 2.16 2.46 3.18 3.87 4.62 5.25 6.50 7.80 18 RSs 
780 0.074 0.35 0.70 0.96 1.5 1.87 2.29 2.55 3.30 4,00 4.71 5.55 6.80 8.00 10.20 12.0 
760 0,080 0.40 0.80 1.02 1.6 1.94 2.37 2.62 3.52 4.37 5.00 5.70 7.15 8.40 10.60 12,3 
THO 0,096 0.46 0.92 1.11 1.65 2,1 2.4 2.68 3.85 4.60 5.30 6.00 7.40 9.00 11,00 12.5 
T20 0.105 0.50 1.00 1.20 1.83 2.28 2.56 2.89 4,10 4.89 5.60 6.50 7.80 9.20 11.30 12.6 
700 0.118 0.56 1.06 1.32 2.0 2.43 2.7 3.15 4.30 5.43 6.00 7.00 8,20 10,00 11.80 12.7 
660 0,138 0.59 1.16 1.548 2,1 2.65 2.8 3.49 4.72 5.70 6.25 7.40 9.00 10,20 12,3 13.0 
660 0,162 0.65 1.27 1.78 2,3 2.82 3.15 3.75 %.90 5.98 6.860 8.00 9.50 11.00 13,0 13.5 
640 0.193 0.69 1.3) 2.00 2.5 3.16 3,4 4.01 5.25 6.43 7.43 68.50 10,25 12.00 13.4 13. 
620 0.210 0.76 1.50 2.20 2.67 3.43 3.78 4.37 5.71 7.00 6.00 9.15 11.00 12.90 13.7 13.6 
600 0.300 0.86 1.58 2.40 2.98 3.63 4.1 4.84 6.10 7.58 8.40 9.60 11.25 13.20 14.5 14.0 
580 0.422 0.86 1.66 2.60 3.25 3.85 4,3 5.2 6.70 7.98 9.20 10.9 12.7 14.00 14.95 14.1 
560 0.588 1.00 1.78 2.80 3.35 4.1 4.9 5.62 7.16 8.6 10.2 11.8 13.85 14.90 15.1 14,2 
540 0,664 1.40 1.87 3.00 3.7 4.32 5.6 6.28 8.05 9.4% 10.7 13.2 14.00 15.95 15.8 14,25 
520 0.784 1.86 2.00 3.20 4&1 4.77 7.4 6.70 8.64 9.9 10.8 1.2 14,10 17.00 16,0 14,30 
500 oo oo oo oo oo ee ae oo oo eo ee eo oo oo oo o- 
. . . °o 
results. A very large range reduces the ing to an interval 10°F. above and 10°F. 


number of values entering into the summa- 
tion, but it also reduces the accuracy of 
the values that are obtained. For the 
purpose of this paper, 20°F. has been 
chosen as the temperature range to be 
represented by each AX value. Having 
made this choice, the slope of the cooling 
curve is determined at the mid-point of 


below the temperature at which the slope 
was determined. AX values calculated 


* Theoretically, more accurate AX values 
might be obtained by reading directly from 
the cooling-curve plot time values that corre- 
spond to the upper and lower temperature of 
each AX interval and taking the difference as 
the AX value. Practically, such a method is 
less accurate and much more tedious. 
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from both Liedholm’s data and Boegehold 
and Weinman’s data for 20°F. intervals 





TRANSFORMATION AT CONSTANT TEMPERATURE AND DURING COOLING 


transformation plot values for beginning 
transformation at temperatures of 1300°F., 











have been tabulated in Tables 4 and 5. 1280°F., 1260°F., and so on. Having 
TABLE 5.—AX (20°F.) Values from Liedholm’s Cooling Data 

Mean 
Temp., Distance From Jet-Quenched End of 1/2-Inch Hardenability Bar in Sixteenths of an Inch 
_. 2 4 6 g 16 12 15 16 20 ou 32 uy) 
14g0 («O03 0.15 0, 34" 0.52* 0, 70* 0.91* 0.99* 1.24 1.279 1.59* 2. sue 2, 46" 
1460 s«0,03* 0,15 0, 34" 0.53* 0. 72° 0.92 1,00* 1.25 1,31° 1,640 2. 89° 2.52° 
1440—s«O0, 03" 0.16" 0. 35° 0,53° 0. 73° 0.93 1,02* 1,26 1. 35° 1,70* 2. 45° 2.58* 
1420s 0,03* 0.17* 0. 36° 0. 54" 0.75 0.55 1,048 1.27 1. 39 1.76* 2.51° 2, 640 
1400 —s«0..03* 0,17* 0. 36° 0.55° 0.76 0.97 1.06* 1.29 1.44 1,82* 2.57° 2.71° 
1380 0,0le 0,18 0, 37° 0.56* 0.78 1.69 1,08* 1.31 1,49 1.88* 2,63* 2. 78° 
1360 0,04" 0,18* 0, 38° 0.56 0,80 1,01 1, 10° 1.33 1,54 1. 9k 2.69¢ 2.85° 
1340——s«OO. 0.19" 0, 39* 0.57 0.81 1.03 1.13* 1.35 1.59 2.00° 2.75 2.92° 
1320 0. 0k 0.20* 0. 39¢ 0.58 0.83 1,05 1. 16* 2. 98 1.65 2.06° 2,81 2.99° 
1300 0,05* 0.20° 0, bos 0.59 0.85 1,07 1,19* 1,41 1.72 2.13a* 2.87 3, 06° 
1280 0,05* 0.21° 0, 41° 0.60 0.88 1.09 1,22 1.44 1,80 2,189 2.9% 3.13° 
1260 0,05" 0.22° 0.420 0.62 0.90 1,11 1.26° 1,48 1.88 2.25° 3.01 3,21° 
1240 s«O,05* 0.23* 0, bbe 0.63 0.93 1.13 1, 30° 1.52 1,96 2.32 3.09 3,29° 
1220 90, 06* 0,23° 0,459 0.65 0.95 1.15 1, 34° 1.56 2,02 2.39 3.18 3, 37° 
1200 = 0, 06* 0. 2hke 0.46 0, 66 0.98 1,18 1, 38° 1.60 2,08 2.47 3.28 3, 45° 
1180 »~=:0..07* 0.25° 0.48 0.68 1.02 1.21 1,42 1.65 2.15 2.55 3. 3.54 
1160 0.07* 0.26* 0.49 0.71 1.05 1.24 1.46" 1.71 2.25 2.63 ats 3. 64" 
1140 0. 08* 0.28* 0.51 0.73 1.09 1.27 1.51 1,78 2.35 2.70 3.58 3. 74° 
1120 «0,08 = 0.29 3S. 52 0.75 1.13 1,31 1.56 1.85 2,45 2.78 3.68 3.6% 
1100 0,09* 0. 30* 0.54 0.78 1.17 1.35 1.62 1.92 2.55 2,86 3.78 3.9% 
1080 0,10* 0, 32° 0.56 0.81 1.22 1.41 1,68 2.00 2.65 2.96 3,92 4.04 
1060 0.11 = 0.33" 0.58 9.85 1.27 1.47 1.75 2.08 2.75 3.08 4 Oo’ 4.16 
100 0,12 0,35" = (0,61 0.89 1.32 1.53 1,82 2.16 2,85 3.20 4.16 4.29 
1020 s«O,13* 0.37 0.63 0.93 1.37 1,60 1.89 2.25 2.95 3.32 4, 28 443 
1000 (0.1 0.39% 0,66 0.97 1.43 1.67 1.98 2.35 3.02 3, Gy 4.4 4.57 
960 0.16* O.41* 0.69 1,02 1.49 1.75 2.06 2.47 3.12 3,56 453 4.7L 
960 0,17* 0,43" 0.73 1.07 1.55 1.85 2.15 2.59 3.23 3.69 4,66 4,86 
940 3=s«0.19" 0.46" 0.77 1,12 1.62 1.95 2.25 2.71 3.35 3.82 4.79 5.01 
920 0.20° 0.48" 0,82 1,18 1.69 2.05 2.38 2.83 3.49 3.95 49h 5.17 
900 0,22° 0.51 0.87 1,25 1.79 2.15 2.51 2.95 3,64 4.08 5.10 5.37 
880 =: 0,24 0.54 0.93 1,32 1.89 2.27 2.64 3.10 3.84 4.21 5.26 5.72 
860 0.27 0.57 1.00 1.41 1.99 2.40 2.78 3,28 4,00 435 5.43 5.87 
840 «0,30 = (0.61 1,08 1.50 2.10 2.56 2.92 3.45 94,17 4,50 5.60 6.03 
820 0.33" 0.65 1.16 1.59 2.22 2.70 3.08 3.64 4, 35 4.67 5.77 6.18 
800 0.36* 0.69 1.25 1,69 2.36 2.86 3.24 3.84 4.55 4.85 5.94 6.33 
780 0.40" 0.75 1.55 1.81 2.52 3.08 3.40 4.07 4,65 5.04 6,11 6.48 
760 =O. ue 0.82 1.47 1.95 2.70 3.30 3.57 4,34 4.88 5.25 6.28 6,68 
THO =—s«0 50:0, 90 1.60 2.12 2.90 3.50 5-88 4.61 5,13 5,47 6.46 6.90 
720 0,56* 0.99 1.74 2.30 3.13 3.72 .08 4,78 5.40 5.78 6,67 7.14 
700 =—s«O,63*—s-1,08 1,90 2.50 3.39 4.00 4.34 5.10 5.72 5.97 6.90 7.42 





*Extrapolated 


It is next necessary to tabulate the Z 
values for the particular steel being 
considered. These Z values, representing 
the time in seconds for isothermal trans- 
formation to begin, must represent tem- 
perature intervals that are consistent 
with the intervals chosen for the AX values. 
If AX values are used for the intervals 
1310° to 1290°F., 1290° to 1270°F., 


1270° to 1250°F., and so on, mean Z values 
for the same intervals must be determined. 
Practically, mid-values of Z may be used 
without significant error, and it is only 
necessary to read from the isothermal: 


obtained the AX and Z values, a table is 
made up as illustrated: 





! 
| Position in the Cooling Specimen 


Tempera- I 
ture, 


Mean | 
| 
Deg. F. 


1480 | yy 
1460 ren | 
1440 e 
1420 ; | fog 
1400 
1380 | 
1360 | | i 
etc. ag 

















DISCUSSION 


- AX 
Individual * x values are calculated 
and these individual values added down- 


; X 
ward in each Z column until the sum 





equals one. The equation indicates that, 


AX 
when the sum of i values equals one, 


transformation begins. If the sum does 
not equal one by the time 1130°F. is 
reached, the fraction obtained is discarded 
and the addition started anew for inter- 
vals below 1130°F. If the sum does not 
equal one by the time the M, tempera- 
ture is reached, it merely means that 
martensite will be the first product to 
form. 

From such calculations a plot for tem- 
perature vs. position beginning transforma- 
tion may be constructed. The method 
described was used in determining the 
solid lines of Figs. 13 through 18. 

Though it is possible to construct a 
temperature-position plot if given the 
isothermal diagram and the cooling curves, 
it is quite awkward to construct an 
isothermal diagram if given the tem- 
perature-position plot and the cooling 
curves. 
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DISCUSSION 
(F. M. Walters, Jr., presiding) 


R. A. Grance.*—Considering the impor- 
tance of correlating isothermal and cooling 
transformation, surprisingly little attention has 
been devoted to it in the past; this interesting 
paper by Messrs. Manning and Lorig is there- 
fore timely and valuable. 

The authors comment that the Grange and 
Kiefer method for estimating transformation as 
it occurs during continuous cooling, from the 
isothermal transformation diagram, is empirical 
and cannot be used with confidence for steels in 
general. As we see it, the Grange and Kiefer 
method for predicting the beginning of cooling 
transformation is based on the same principles 
as the method described by the authors, being 
merely a somewhat rougher approximation. 
Its nature is more empirical in respect to the 
progress and ending of transformation on cool- 
ing, which are not discussed by Manning and 
Lorig but cannot be ignored in any complete 
and practically useful method of correlating 
isothermal and cooling transformation. More- 
over, we have applied it to many types of steel, 
and, although admittedly not highly accurate, 
this method has proved to be practically useful 
and helpful in understanding the transforma- 
tion behavior of steel during cooling. 

As the authors point out, their method of 
calculating the beginning of transformation on 
cooling from the isothermal transformation 
diagram is essentially that previously proposed 
by Scheil® and Steinberg.? In developing our 
method, these older methods were investigated, 
whereupon it became evident that there was no 
justification from the practical standpcint for 
such involved and tedious calculation, since 
the cooling curve and the isothermal data 
seldom, if ever, are known with the requisite 
accuracy. For this reason, a simple approxima- 
tion, which we found gave a result agreeing 
well enough with that resulting from the 
tedious calculations proposed by Steinberg, was 
adopted. The Manning and Lorig method is 
also a justifiable simplification of the Steinberg 
method; in fact, this same simplification was 
proposed by Hoyt in 1939.® 

*U. S. Steel Corporation, Research Labora- 
tory. Kearny, N. J. 

*S. L. Hoyt: The Weldability of Casing 


Steel. Presented before the American Petroleum 
Institute, New Orleans, La., May 18, 1939. 
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464 TRANSFORMATION AT CONSTANT TEMPERATURE AND DURING COOLING 


Manning and Lorig find that holding hypo- 
eutectoid steels for a time period too short to 
permit any measurable transformation at a 
temperature above about 1130°F. did not affect 
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ture is lowered, and we have not observed such 
a limited temperature range within which the 
type of ferrite suddenly changes. Furthermore, 
we have always found that holding above 


nN 


Fic. 20.—EFFECT OF HOLDING FOR A TIME JUST SHORT OF THE MEASURABLE BEGINNING OF 


TRANSFORMATION AT 1200°F. ON SUBSEQUENT ISOTHERMAL TRANSFORMATION AT 800°F. AND AT 
600°F. SAE-4340 STEEL. XX 500. PICRAL ETCH. 





a. 1550°F. — > 800°F., 1 min. — quench. 
b. 1550°F. — 1200°F., 3 min. — 800°F., 1 min. — quench. 
c. 1550°F. — 600°F., 3 min. — quench. 





d. 1550°F. — 1200°F ., 3 min. — 600°F ., 3 min. — quench. 


the beginning time for transformation at any 
temperature below 1130°F.; they associate this 
with the observation that “blocky” ferrite 
formed above 1130°F. and “spear’’ ferrite or 
bainite below. In our experience, the character 
of proeutectoid ferrite changes gradually from 
the “blocky” type at high temperature to the 
“spear” type as the transformation tempera- 


1130°F. for a time too short to produce micro- 
scopically visible transformation reduces the 
time required for transformation of austenite 
at a temperature below 1130°F.; in this we are 
in agreement with the results of Hollomon, 
Jaffe and Norton.’ It is difficult to be certain 


7J. H. Hollomon, L. D. Jaffe and M. R 
Norton: This volume, page 410. 


DISCUSSION 


that the nucleating effect is additive to the 
extent, for example, that holding for one half 
the beginning time at the higher temperature 
reduces the beginning time at the subsequent 
lower temperature level by exactly one half, but 
it is easily demonstrated that there is a decided 
influence in this direction. Previous experience 
had always indicated that this was so, but, as a 
check, we have again recently investigated this 
nucleating effect. Pairs of small samples of 
SAE-4340 steel, which previously had 
heated for two days at 2350°F. to 
freedom from banding 
austenitized at 1550°F. One of each 
quenched into lead at 1200°F. for 3 min. (just 
short of the measurable beginning of isothermal 
transformation at 1200°F.) and then quenched 
into a second lead-alloy bath at 800°F. or at 


been 
ensure 
segregation).® were 


pair was 


600°F. The other sample of each pair was 
quenched from 1550°F. directly to 800° 
600°F. A number of such pairs of samples were 
treated, each being held for one of a series of 
times at 600°F. or at 800°F. and then brine- 
quenched. Comparison of the microstructure of 
two such pairs of samples is shown in Fig. 20, 
one pair held for 1 min. at 800°F. (top) and the 
other pair at 600°F. for 3 min. The 
“too per cent nucleated” sample is at the right 
in each row. It is evident that, contrary to 
Manning and Lorig’s results, the “‘nucleation”’ 
at 1200°F. decreased the time required for 
transformation at both 800°F. and The 
examples shown in Fig. 20 represent only one 
pair in each time series, but in the others there 
was also a correspondingly greater, proportion of 


or to 


bottom 


600°] 


bainite in the nucleated sample; in particular, a 
nucleated sample 
amount of bainite when held for 


contained a _ detectable 
a time too 
short for a measurable beginning of transf 
tion in the corresponding direct-quenched 
ple. This same trend has been observed in 
several other types of low-alloy steel, and we 


rma- 


sam- 


see no logical reason why certain compositions 
should such “additive 
below 1130°F. after a prequench above 1130°F. 
while others do not. 


show nucleation”’ 


®Such homogenizing treatments greatly 
facilitate microscopic comparison of. pairs of 
samples that differ only slightly in the per- 
centage of transformation product, since each 
field of view contains essentially the same 
proportion of constituents as any other 
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We searched in vain for the austenite grain 
size for each of the isothermal transformation 
diagrams in the paper; since this information is 
necessary in making full use of these valuable 
diagrams, we ask the authors if they would care 
to mention it in their reply to this discussion. 


G. K. MaAnninc and C. H. Lorie (authors’ 
reply).—The A.S.T.M. grain size of all five 
steels for the austenitizing conditions employed 
was 7-8. Mr. Grange has pointed out that the 
temperature ranges in which blocky and spear 
ferrite form overlap somewhat. That subject 
was discussed to a considerable extent in the 
paper. The authors did not intend to imply that 
either the degree of overlapping or the mean 
temperature at which the overlapping occurred 
would be common for all steels, as Mr. Grange 
apparently has assumed. The five steels tested 
varied appreciably only in chromium and, 
although chromium apparently had no effect on 
the ranges, it would indeed be surprising if 
other elements, particularly carbon, did not 
affect these temperature ranges. Since the 
paper was written, some information has been 
obtained that suggests that austenitizing tem- 
perature (grain size possibly) has an important 
influence on the respective temperature ranges 
for “spear” and “blocky” ferrite. In view of 
the uncertainty as to the extent to which 
various factors may affect these temperature 
ranges, we find nothing particularly contradic- 
tory about the micrographs Mr. Grange pre- 
sents; although we would, at the same time, 
hesitate to interpret them. 

Described in the paper are two methods that 
may be used to some advantage in studying the 
rather complex subjects of austenite decompo- 
sition, during cooling. Many factors affecting 
this decomposition, such as composition, 
austenitizing conditions, stress, and the 
presence of numerous minute oxides or car- 
bides, have not been considered thus far. It is 
hoped that other investigators may be able to 
make use cf these two methods in quantita- 
tively studying this important subject. 


C. ZEneER.*—I should like to know whether 
there are any differences in the upper range of 





* Professor of Metallurgy, University of 


Chicago, Chicago, I!linois. 
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the blocky kind—whether that is imitated at 
the grain boundary. 


G. K. MANniING.—In studying the steels 
reported in this paper, blocky ferrite nucleation 
was not found to occur preferentially at the 
grain boundaries. This is illustrated by the 
distribution of the blocky ferrite in Fig. 5. 


Later, in observing another steel that has not 
been reported in this paper, it was found that 
there was a rather strong tendency for blocky 
ferrite to appear predominantly at the grain 
boundaries. Perhaps it is too early to offer any 
definite opinion concerning the nucleation 
characteristics of blocky ferrite. 





The Temperature Range of Martensite Formation 


By R. A. GRANGE* AND H. M. STEWART* 


(Chicago Meeting, February 1946) 


MANY steel parts may crack if quenched 
directly into a bath near room tempera- 
ture, but not if quenched at a temperature 
just above the range where martensite 
forms and then allowed to cool slowly to 
room temperature. This latter procedure, 
which is the basis for such modern harden- 
ing techniques as “martempering” and 
“isothermal quenching,” may entail some 
sacrifice in depth of hardening but very 
little, if any, in intensity of hardening. In 
planning such treatments, it is necessary 
to know the upper limit of the martensite 
range, and often desirable to know the 
proportion of martensite that would form 
on cooling to any lower temperature; 
furthermore, the tendency of a particular 
steel to crack when quenched is unques- 
tionably associated with the temperature 
range of martensite formation, and con- 
sequently knowledge of this range aids in 
selecting the optimum composition for a 
given application. Certain puzzling phe- 
nomena associated with the properties of 
quenched and tempered steel may be at 
least partly clarified as the manner in 
which martensite forms is more fully under- 
stood. Information on the temperature 


range of martensite formation, particularly 


with respect to how much martensite 
results from quenching to a given tempera- 
ture, is lacking for most commercial types 
of carbon and low-alloy steel. 


Manuscript received at the office of the 
Institute Nov. 21, 1945. Issued as T.P. 1996 in 
METALS TECHNOLOGY, June 1946. 

* Research Laboratory, United States Steel 
Corporation, Kearny, New Jersey. 
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These considerations led us to study 
martensite formation in 14 carbon and 
low-alloy steels. The resultant data may 
be directly used in the following ways: (1) 
for selecting the Jowest quenching tem- 
perature at which mo martensite will form; 
(2) for selecting the highest quenching 
temperature at which virtually al/ marten. 
site will form, thereby avoiding quenching 
to an unnecessarily lower temperature with 
attendant danger of cracking; and (3) in 
producing a mixture of tempered marten- 
site and bainite, which in high-carbon 
steels has been found to possess somewhat 
better ductility than tempered martensite, 
yet does not require the full transformation 
time necessary for a completely bainitic 
(austempered) structure. 


PART I. OBSERVATIONS OF MARTEN- 
SITE FORMATION IN FOURTEEN 
CARBON AND LOW-ALLOY STEELS 


Transformation of austenite to pearlite 
or bainite can be conveniently studied by 
observing the change that occurs over a 
period of time at constant temperature; 
such studies are the basis of the isothermal 
transformation diagram (S-curve). This 
isothermal technique is not applicable to 
martensite formation, which occurs within 
a time interval too small to measure, at 
least by any ordinary means. For all prac- 
tica) purposes, therefore, martensite may 
be regarded as forming only during cooling 
and not during a period of time at constant 
temperature. As austenite is cooled below 
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a certain temperature, designated Ms, a 
definite proportion of it transforms to 
martensite, this proportion being depend- 
ent upon the temperature finally reached 
in cooling rather than upon the time 
required to cool (cooling rate); holding for 
a prolonged time at this temperature is 
considered to result in the transformation 
of the remaining austenite to bainite and 
not in any increase in amount of marten- 
site. Thus, in martensite formation, time is 
significant only insofar as it determines 
the temperature finally attained during 
cooling at any particular rate, and the 
formation of martensite can be represented 
on a quantitative basis by plotting the 
proportion of martensite against fempera- 
ture, but not time. This concept of marten- 
site formation has been generally accepted 
in recent years, largely as a result of the 
work of Greninger and Troiano.! 


EXPERIMENTAL TECHNIQUES 


The temperature range of martensite 
formation can be determined by thermal 
analysis, in which case it has long been 
known as Ar’; but with this method it is 
difficult, if not impossible, to estimate the 
proportion of martensite formed on cooling 
to an intermediate temperature within the 
range. Measurement of change of volume 
or length during continuous cooling is a 
somewhat better method, but again a 
quantitative estimate is difficult. These 
considerations led us to select the metallo- 
graphic technique first described by Gren- 
inger and Troiano! in 1939, and since used 
by others. 

Since the principles involved in measur- 
ing martensite formation by the metallo- 
graphic technique may be unfamiliar to 
some, and since intelligent interpretation 
and application of the results require 
knowledge of how they were obtained, a 
discussion of technique seems warranted. 
The series of schematic charts in Fig. 1 


1 References are at the end of the paper. 


OF MARTENSITE FORMATION 


will serve as a basis for discussion. A small 
specimen that has been heated to form 
austenite (74 in Fig. 1) is quenched into 
a liquid bath (low-melting lead alloy) 
maintained at a previously selected tem- 
perature (7J,) and held for a time just 
sufficient to ensure that it has cooled 
throughout to this temperature. After this 
timed quench, a certain proportion of 
martensite will have formed provided 7, 
is low enough, but if the specimen is 
removed from the bath and allowed to 
cool to room temperature this initial 
martensite will ordinarily not be micro- 
scopically distinguishable from that formed 
subsequently during cooling to room tem- 
perature. Therefore further heat-treatment 
is required in order to permit estimation 
of the proportion of this initial martensite, 
as follows. From the first bath, the speci- 
men is quickly transferred, without cooling 
below 7 ;, to a second metal bath main- 
tained at a higher temperature (72) and 
held there for a short time, after which it is 
quenched in brine. In this second bath any 
martensite that had formed on quenching 
to T, is tempered, while the austenite 
remains unaltered but subsequently trans- 
forms to martensite during the final quench 
to room temperature; consequently, the 
final structure is, as illustrated in Fig. 1, 
entirely light-etching martensite if no 
martensite had formed on quenching to 
T, (top diagram), entirely dark-etching 
tempered martensite if 7; was so low 
that all the austenite had transformed to 
martensite in the initial quench (middle 
diagram), or a mixture of the two if 7 
was in the range where only part of the 
austenite transformed to martensite in 
the first quench (bottom diagram). Liquid 
baths, preferably of metal, are essential 
in order to cool and heat the specimen 
rapidly enough to avoid transformation to 
products other than martensite. 


For each steel, 7, was varied at intervals . 


of 10° to 20°F. throughout the martensite- 
formation range. The quenching time in 
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Fic. 1.—SCHEMATIC CHARTS AND MICROGRAPHS ILLUSTRATING HEAT-TREATING TECHNIQUE. 
Micrographs, originally XX 500; reduced one fourth in reproduction. Picral etch. Example 


shown is eutectoid carbon steel. 


the bath at 7, was 3 sec.,* this being little 
longer than necessary to cool the whole 
specimen consistently to 7,; it was selected 


*In two special cases, specimens were 
austenitized at 1950°F. or 2000°F., and the 
quenching time at 7; was increased to 5 sec. 


to allow for the longer time required to cool 
from these high temperatures. 


as a reasonable compromise between a 
shorter time, which might not always 
suffice for thorough cooling, and a longer 
time, which, in some of the steels, might 
permit some -transformation to bainite. 
The temperature of the second bath (T>) 
was constant for any one steel, but varied 
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for different steels in accordance with the 
isothermal transformation behavior. It is 
essential that no significant amounts of 
pearlite or bainite form at T2, for both are 
dark-etching and not easily distinguished 
from tempered martensite; consequently, 
choice of T, and of holding time thereat 
was based on a treatment that would, after 
polishing and etching, reveal the tempered 
martensite as thoroughly blackened needles 
without permitting any isothermal trans- 
formation product to form. J, was chosen 
for each steel, after examination of its 
isothermal transformation diagram, at a 
level where there is a decided “bay” in 
the beginning line. In steels with 0.6 per 
cent or more of carbon, such a bay occurs 
above the martensite-formation range and 
below the knee (Fig. 1); in those containing 
less carbon, the bay is too shallow below 
the knee, and it was necessary to select T, 
above the knee, where, as Ae, is approached, 
transformation proceeds relatively slowly. 
The holding period at TJ; to temper the 
martensite formed on quenching to 7; was 
3 to 5 sec.—a time too short to permit 
isothermal transformation at the tem- 
perature selected and yet almost as good 
as a longer time for “blackening” marten- 
site needles. 

This technique is least satisfactory when 
dealing with steels of low hardenability 
where T; is necessarily above the “knee” 
of the isothermal transformation diagram. 
In such a case, it is necessary: (1) to cool 
through the “‘knee” region (quench down 
to T;), (2) to heat through it (quench up to 
T:), and (3) finally cool through it again 
(brine quench to room temperature). 
During this multiple passing through the 
knee region, some ferrite, pearlite and 
upper bainite sometimes formed; these 
products were found by experimental 
observation to form only after the signifi- 
cant martensite formation at 7), and their 
presence, therefore, does not invalidate the 
results provided they are distinguished 


OF MARTENSITE FORMATION 


from, and not rated as, tempered marten- 
site (as we believe we were able to do). 

The experimental technique has been 
discussed at some length to emphasize 
the point that study of martensite forma- 
tion by this metallographic method is 
indirect, since additional heat-treatment 
follows the treatment in which the change 
occurs that it is desired to measure; 
unquestionably it involves factors that 
prevent a high order of precision in meas- 
urement for al] the steels. Moreover, the 
proportion of martensite formed at a 
particular temperature as measured in this 
way applies specifically only to steel treated 
like our small specimens; it may reasonably 
be inferred that the results apply to 
samples treated in other ways, but this 
is an inference and not, as yet, a proved 
fact. For instance, our results may indicate 
that austenite in one particular steel is 
99 per cent transformed to martensite on 
quenching for 3 sec. at 300°F., but this 
should not be interpreted as final proof 
that 99 per cent of martensite must have 
already formed in this steel on reaching 
300°F. when it is rapidly and continuously 
quenched to room temperature. 


MATERIAL AND HEAT-TREATMENT 


Our primary purpose was to acquire 
quantitative data regarding the proportion 
of martensite formed in commercially 
important grades of steel on cooling to 
successively lower temperatures, such in- 
formation being a useful adjunct to iso- 
thermal transformation data. Therefore, 
13 steels were selected from those whose 
isothermal transformation diagrams ap- 
peared in an Atlas’; these, and an NE-8630 
steel, comprise the 14 steels discussed in 
the first part of the paper. Samples were 
all taken from the same bar that had 
previously provided samples for the iso- 
thermal diagram in the Atlas, or from a 
companion bar. From each, small speci- 
mens were prepared by cutting transverse 
slices 0.04 to 0.05 in. thick; these thin 
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slices were then cut into segments (wedge 
shaped when slices were round), each 
having a transverse face of approximately 
0.3 sq. in. Pertinent data regarding the 
steels used are listed in Table 1. 
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important, since, for reasons already 
mentioned, the specific quenching time 
in the first metal bath and the temperature 
and time of the subsequent “blackening” 
treatment may have influenced the result. 


TABLE 1.—Composition and Nature of Material 





Type 


Composition, Per Cent 





| ' 
Cc Mn Si Ni 
0.9 per cent C |} 0.89 | 0.29 | 0.15 
SAE-1065 | 0.63 | 0.87 | 0.22 
T1335 0.35 | 1.85 | 0.19 
2340 | 0.37 | 0.68 | 0.21 3.41 
3140 |} 0.38 | 0.72 | 0.21 1.32 
4130 0.29 | 0.77 0.30 
4140 | 0.37 | 0.77 | 0.15 
4340 | 0.42 | 0.78 | 0.24 1.79 
4640 | 0.36 | 0.63 | 0.19 | 1.84 
5140 | 0.42 | 0.68 | 0.16 | 
52100 - 1.02 | 0.36 | 0.33 | 0.20 
6140 | 0.43 | 0.74 | 0.2 
NE-8630 0.30 lo QI :| 0.31 | 0.61 
NE-9442 0.38 | 1.08 | 0.70 | o 


.34 | 














Stock Used for Preparation 
of Specimens 

| P en 
Cr | Mo V Size Condition 

3g” square annealed 
| x” diam. normalized 
34” diam normalized 
144” diam normalized 
0.49 | 1” diam normalized 

| 0.68 | 0.20 54” diam hot-rolled 
| 0.98 | 0.21 1%" diam normalized 
0.80 | 0.33 14%” diam normalized 
| 0.23 14” diam normalized 
0.93 | 1%” diam normalized 

| 1.41 | 34" diam annealed 
0.92 | 0.16 1" diam normalized 
0.52 | 0.17 tube 0.45” o.d. | cold-drawn 

0.40 | 0.11 14,” square hot-rolled 





TABLE 2.—Details of Heat-ireatment Prior to Metallographic Examination 























| 
First Quench 7: Second Quench T: | 
| a8 | — 

Type Annes | Fao ig rhe a 

Deg. F. |A.S.T.M.No.| Ranged | Time, | TE™PeTa-| Time, Guenc 

| | Deg. F. Sec. Deg. F Sec. 
oe 4 

0.9 per cent C 1625 | 4-5 | 200-450 3 700 5 Brine 
SAE-1065 1500 6 | 250-550 3 650 5 Brine 
1065 2000 2 | 250-550 5 650 5 Brine 
T1335 1550 2-7 | 400-700 3 1250 3 Brine 
2340 1450 7-8 400-650 3 1200 3 Brine 

3140 1550 7-8 400-650 3 1250 3 Brine 

4130 1600 8-9 500-750 3 1300 5 Brine 

4140 1550 7~ 450-700 3 1300 5 Brine 

4340 1550 7-8 300-600 3 1275° 5 Brine 

4640 1550 7-8 450-700 3 1250 5 Brine 

5140 1550 6-7 450-700 3 1300 5 Brine 
52100 1550 9 200-500 3 700 5 Brine 
52100 1950 3 32-300 5 700 5 Brine 
6140 1550 s 400—700 3 1300 5 Brine 
NE-8630 1600 9-10 500-725 3 1300 5 Brine 
NE-9442 1575 | to-m1 400-650 3 1270 3 Brine 











* Carbides were essentially in solution except in SAE-52100 austenitized at 1550°F. and in SAE-6140, 


which contained only a very few small carbides. 


> At intervals of 10° to 20°F. throughout the indicated range. 


¢ Another series of SAE-4340 specimens was heat-treated similarly except that the quench at T: was 1 min. 
at 1050°F. instead of 5 sec. at 1275°F.; this difference in “‘ blackening” treatment did not affect the result. 


Small specimens from each steel were 
treated according to the technique pre- 
viously discussed; specifically, the heat- 
treatment varied with composition (Table 
2). These temperatures and times are 


RESULTS 


After heat-treatment, the percentage of 
dark-etching tempered martensite in each 
specimen was estimated. A series of typical 
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microstructures is illustrated in Fig. 2, 
which includes a graph (based upon 
examination of a larger number of speci- 
mens) in which the percentage of marten- 
site observed in SAE-1065 steel is plotted 
i against 7;, the temperature of the first 
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Fic. 2.—TRANSFORMATION OF AUSTENITE TO MARTENSITE. 
SAE-1065 steel austenitized at 2000°F., quenched for 3 seconds at temperature 7), then tem- 
pered 5 seconds at 650°F. and brine quenched. Micrographs originally * 500; reduced one fourth 


metal bath.* The first micrograph in the 
series contains about enough martensite for 
a measurable beginning; the last, what we 


* Temperature is plotted vertically to con- 
vey the impression of cooling down and because 
temperature is plotted vertically on isothermal] 
transformation diagrams, 
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estimated to be 99 per cent tempered 
martensite. 

In Fig. 2, the first tempered martensite 
needles to appear are relatively large and 
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together with the fact that the last traces 
of austenite were found to disappear so 
gradually in specimens quenched to suc- 
cessively lower temperatures, led us to 
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Fic. 3.—PLOT OF EXPERIMENTAL DATA FOR SAE-2340 STEEL. 
Steel treated as follows: (1) austenitized at 1450°F.; (2) quenched in liquid lead alloy at T; for 
3 seconds; (3) tempered, without cooling below 7,1, for 5 seconds at 1200°F.; (4) brine quenched. 


seem to show a preference for austenite 
grain boundaries. Since the needles appear 
not to grow appreciably once they have 
formed, nor to cross one another, it is 
impossible to completely fill space with 
such needles, therefore later ones must 
necessarily become ever shorter as smaller 
and smaller interstitial volumes of austen- 
ite are trapped between previously formed 
larger needles of martensite. The last 
austenite to transform appears to exist in 
small angular areas, which disappear 
entirely only after cooling to a temperature 
disproportionately far below that where 
go-odd per cent had transformed. It is 
quite apparent that an accurate estimate 
of the percentage of tempered martensite 
in a structure like that represented in the 
lower left micrograph is difficult. This, 


stop our curves at the 99 per cent point 
rather than attempt to decide at just what 
particular temperature the last visible 
trace of austenite had disappeared. More- 
over, in some steels, minute light-etching 
areas suggestive of retained austenite 
could be observed at high magnification in 
specimens tempered after quenching to 
room temperature. 

Data for one steel (SAE-2340) are 
plotted in Fig. 3 to illustrate in a typical 
case the number of temperatures investi- 
gated and the consistency of the measure- 
ments. Each point represents the average 
of three specimens that were heat-treated 
simultaneously. The percentage of tem- 
pered martensite in each specimen is 
essentially one observer’s opinion and 
subject to some error, even though con- 
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firmed approximately by one or more other 
observers. There is little doubt, however, 
as to the temperature (to the nearest 5° 
or 10°F.) at which tempered martensite 
needles first definitely appear (Ms). Ms 
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microscopic observations, although it is 
considerably less precise in indicating the 
temperature where martensite begins to 
form or where martensite formation is 
virtually complete. 
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Fic. 4.—RELATION OF PERCENTAGE OF MARTENSITE TO TEMPERATURE IN FOURTEEN COMMERCIAL 
GRADES OF STEEL. 


frequently seems to lie between two 
experimentally determined points, in which 
case, as in Fig. 3, it was estimated by 
interpolation. 

Hardness measurements proved useful 
as a check on the microscopic observations 
and were especially helpful in the lower 
carbon steels, which were tempered at 
1200°F. or higher. Hardness ranged from 
that of quenched martensite down to that 
of a sample quenched to room temperature 
and then tempered at the temperature, and 
for the time, used in the “blackening” 
treatment for that particular steel. The 
measurements for the SAE-2340 steel are 
plotted in Fig. 3, wherein it is evident that 
hardness correlates satisfactorily with the 


Data for each of the steels listed in 
Table 2 are summarized in Fig. 4; two 
charts, each of which includes nominally 
half of the steels, have been drawn to 
avoid overlapping of the individual curves 
drawn through experimental points, the 
points themselves having been subse- 
quently deleted. Values of “per cent 
martensite observed” plotted along the 
abscissa represent the observed proportion 
of tempered martensite in specimens 
treated as previously described. The results 
are also summarized in Table 3, in which 
the percentage of martensite, taken from 
the curves of Fig. 4, is listed for each 25°F. 
change in temperature; this scheme has 
been employed in preference to tabulating 
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the much larger number of actual measure- 
ments, which, in themselves, are of no 
special significance. 

In general, these curves are all similar 
in shape and differ principally in position 
on the temperature scale. They indicate 
that equal increments of martensite are 
not formed on cooling through successively 
lower equal temperature intervals; on the 
contrary, a greater temperature change is 
required to form the first 10 per cent of 
martensite than to form the second to per 
cent. As the proportion of martensite ap- 
proaches roo per cent, the curves appear 
to become asymptotic; it is doubtful there- 
fore whether a particular temperature can 
properly be designated as representing the 
precise end of martensite formation. Con- 
sequently, the curves of Fig. 4 have not 
been continued below the temperature 
where about 99 per cent martensite was 
present, although data were obtained at 
lower temperatures in some tests. No great 
accuracy is implied in this portion of the 
curve nor is any special implication 
attached to this 99 per cent point. In 
SAE 52100 austenitized at 1950°F., only 
95 per cent martensite was estimated to 
have formed on quenching to 32°F.; no 
data were obtained at a lower temperature. 

The shape of these curves, particularly 
in the higher temperature region where the 
proportion of martensite is small, may be 
somewhat influenced by segregation in the 
steel. Certainly all of these steels were segre- 
gated (banded) to some extent, as was very 
evident in their microstructure. Martensite 
needles first appeared in bands and, in 
most specimens, a corresponding propor- 
tion formed at a slightly higher tempera- 
ture in the half of the specimen adjacent 
to the surface of the original bar sample; 
the latter observation is interpreted as 
evidence of “‘positive” segregation in the 
central area of the cross section of the bar. 

In spite of small individual differences 
in shape, it seemed possible that some 
method of plotting (as, for example, the 
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logistic method described by Austin and 
Rickett*) might be found that would con- 
vert all these curves into straight lines—a 
step that would, if successful, considerably 
facilitate measurement of martensite for- 
mation. Such attempts, however, were un- 
successful for the reason that the curve 
was never symmetrical about its midpoint, 
the lower portion approaching 100 per 
cent martensite much more gradually 
than the upper portion approaches o per 
cent martensite; nevertheless, it was pos- 
sible, by plotting the percentage of marten- 
site on the logistic scale, to straighten the 
lower three fourths of the curve, and such 
a plot, even though not a straight line 
throughout, was helpful in anticipating 
the remainder of the curve after the portion 
from o to about 25 per cent had been 
measured experimentally. 

The conventional isothermal transforma- 
tion diagram aids greatly in understanding 
and planning heat-treatment; it would be 
even more valuable if it included informa- 
tion on martensite formation. It is there- 
fore of interest to see how martensite- 
formation data might be fitted into the 
isothermal transformation diagram. Since 
no one has ever measured a rate of forma- 
tion of martensite at a particular tem- 
perature level, the time scale of the 
isothermal diagram is without significance 
in martensite formation. In Fig. 5, the 
lower portion of the isothermal diagram 
for SAE-2340 steel has been modified to 
include our measurements of martensite 
formation by indicating at the proper 
temperature several arbitrary percentages 
of martensite; the arrows point to the 
temperature at which the indicated pro- 
portion of martensite will have formed on 
quenching. Obviously, the diagram does 
not, strictly speaking, represent completely 
isothermal transformation below Ms, and 
a dash line has been drawn horizontally to 
indicate this. The continuation of the 
ending line of isothermal transformation 
below Ms indicates the time required for 
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Fic. 5.—ISOTHERMAL TRANSFORMATION DIAGRAM, WITH DATA ON MARTENSITE FORMATION ADDED. 
Transformation occurs at constant temperature only above Ms. 


the portion of austenite that did not trans- 
form to martensite to transform iso- 
thermally to what is probably best regarded 
as bainite, even though this low-tempera- 
ture bainite is microscopically indistin- 
guishable from martensite, which on 


holding at such elevated temperature 


becomes slightly tempered (darkened after 
etching). In the Atlas,? there is an iso- 
thermal diagram for each steel (except 
NE-8630) whose martensite formation is 
given in Fig. 4 or Table 3; consequently, a 
diagram similar to Fig. 5 can be constructed 
for each. 
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INFLUENCE OF AUSTENITE GRAIN SIZE 


In any steel, quench cracking is likely 
to be worse when austenite grains are 
large than when they are small; from this 
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size), the carbides being completely dis- 
solved in austenite in either case. The 
resulting data, summarized in Fig. 6, show 
that this difference in austenite grain size 


TABLE 3.—M, and Estimated Percentage Martensite at Different Quenching Temperatures 
Arranged in order of decreasing Mg temperature 
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¢ All carbides were not in solution in SAE-52100 austenitized at 1550°F.; in other steels, including SAE- 
52100 austenitized at 1950°F., essentially all carbides were dissolved in austenite. 





it might be inferred that large austenite 
grains, al] other things being equal, trans- 
form to martensite over a lower tempera- 
ture range than small austenite grains. 
Therefore, 
SAE-1065 steel was studied after austen- 
itizing at 1500°F. (No. 6 austenite grain 
size) and at 2000°F. (No. 2 austenite grain 


martensite formation in the 


had no effect on the proportion of marten- 
site formed on quenching for 3 sec. at any 
corresponding temperature. The micro- 
structure for large and small austenite 
grains, both at a common temperature, is 
shown respectively by the left and right 
micrographs of Fig. 6; obviously, the 
martensite needles in the former are larger 
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and fewer, but the total proportion (ap- 
pearing as dark-etching tempered martens- 
ite needles) is about the same in both. 


Same, at any corresponding temperature, 
as previously measured for the same steel 
with small austenite grains. Greninger® and 
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Fic. 6.—COMPARISON OF MARTENSITE FORMATION IN FINE-GRAINED AND COARSE-GRAINED 
AUSTENITE (SAE-1065). 
Micrographs originally X 500; reduced one fourth in reproduction. Picral etch. 


A few specimens from several other steels 
were austenitized at a high temperature to 
coarsen their austenite grains; the esti- 
mated proportion of martensite was the 


Payson and Savage‘ likewise imply that 
they observed no change in the tempera- 
ture range of martensite formation due to 
difference in austenite grain size. 
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EFFECT OF UNDISSOLVED CARBIDES present in austenite, subsequent martensite 


In practice a hypereutectoid steel such formation is shown by Fig. 7 to be entirely 
as SAE-52100 would rarely, if ever, be unlike that in the same steel after heating 





| . | ail | ' | , | 1 


500K 8 a 
~ 


=O 

400;r- =O 2ED > = 
a © ~ 
300;- %, onl 
=z 
ec 
a Ne, 
Pr a 
~ 200'- & 4 

| ttewrzey , 
e.“7 











O | l l l | i 2 | l | 





20 40 60 
PERCENT MARTENSITE OBSERVED 





Fic. 7.—INFLUENCE OF UNDISSOLVED CARBIDES UPON MARTENSITE FORMATION IN SAE-52100 
STEEL. 
Difference in austenite grain size is not a factor, as shown by Fig. 6. Micrographs originally 
X 500; reduced one fourth in reproduction. Picral etch. 


quenched from a temperature high enough __ to dissolve all carbides. In SAE-52100 steel 
to dissolve all the carbides (in our sample, austenitized at 1550°F. (many undissolved 
1950°F. was required for complete solu- carbides, as shown by the right micro- 
tion). When undissolved carbides are graph), martensite formation is virtually 
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complete at the temperature at which it 
has just begun in the same steel austen- 
itized at 1950°F. (no undissolved carbides, 
as shown by the left micrograph). A large 
difference in austenite grain size also 
exists, but this has been previously shown 
to have no direct influence upon the pro- 
portion of martensite formed at any given 
temperature. Obviously, actual compo- 
sition of austenite just prior to quenching, 
and not over-all composition of the steel, 
governs martensite formation. In the 
presence of undissolved carbides, austenite 
is also necessarily inhomogeneous; this 
inhomogeneity appears to have resulted in 
the “patchy” areas of tempered martensite 
in the specimens austenitized at 1500°F. 
(Fig. 7, right micrograph). 

Incidentally, the data summarized in 
Fig. 7 help to explain why, aside from grain 
coarsening, hypereutectoid steels should 
be quenched from below Ac.m; if al) car- 
bides are dissolved by heating to a higher 
temperature, martensite formation occurs 
at so low a temperature that quench crack- 
ing is likely to occur and an appreciable 
proportion of austenite remains untrans- 
formed (retained) on quenching to room 
temperature. Our SAE-52100 specimens 
austenitized at 1950°F., for example, did 
not begin to form martensite until cooled 
to 290°F. and retained about 10 per cent 
austenite at room temperature. 


PART II. ESTIMATION OF 
TEMPERATURE RANGE OF 
MARTENSITE FORMATION FROM 

STEEL COMPOSITION 


In 1939, Zyuzin et al.® determined the 
effect of individual alloying elements upon 
the upper temperature limit of martensite 
formation (Ms); we have used these data 
to estimate Mg in any carbon or low- 
alloy steel by means of an empirical 
formula, which for the past several years 
has been applied to many steels whose Ms 
has been experimentally determined. While 
the predicted Ms was often in considerable 


error, the usefulness of such a formula and 
the general dependence of Ms upon com- 
position has repeatedly been demonstrated. 
Recently, more data on this point have 
appeared ;*.5.7 in particular, Payson and 
Savage‘ proposed, on the basis of their own 
results, an empirical formula similar in 
principle to ours based on Zyuzin’s data. 
The results of the present investigation 
suggest that, in addition to Mg, the tem- 
perature at which any given proportion 
of martensite forms is also essentially 
dependent upon composition and therefore 
predictable. In this section all available 
data from published sources, as well as our 
own, are analyzed in an attempt to develop 
an empirical method for predicting the 


_proportion of martensite formed on quench- 


ing to any selected temperature. 


RELATION OF Msg TO CARBON CONTENT 


The effect of carbon content in lowering 
Msg is well recognized and established by a 
large amount of experimental data, most 
of which, however, apply to carbon steels 
that contain manganese and silicon as 
well as impurities. Since it is desired to 
evaluate the effect of carbon alone, only 
substantially pure iron-carbon alloys can 
be considered. Fortunately, two investi- 
gators®* have carefully measured Ms in 
each of two series of pure iron-carbon 
alloys, and their results agree very well. 
The effect of carbon, therefore, is based 
upon these two investigations, disregarding 
data on carbon steels or iron-carbon alloys 
of doubtful purity. 

Digges* determined Mg by thermal 
analysis for each of six iron-carbon alloys 
ranging from 0.23 to 0.80 per cent carbon, 
and Greninger,> by using both thermal 
analysis and the metallographic method, 
for four iron-carbon alloys ranging from 
0.19 to 0.85 per cent carbon. Their data 
are plotted in Fig. 8 and a straight line is 
drawn through the points, which shows 
that within the limits 0.2 to 0.85 per cent 
carbon each additional 0.1 per cent incre- 
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ment in carbon lowers Mg by 65°F. The 
straight line extrapolates to 1025°F. at 
© per cent carbon, and Msg for pure iron- 
carbon alloys may therefore be computed 
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contain more carbon. the carbides will not 
ordinarily be completely dissolved in aus- 
tenite in commercial hardening, and hence 
over-all carbon content could not be 
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Fic. 8.—INFLUENCE OF CARBON ON UPPER LIMIT OF MARTENSITE FORMATION (Mg) IN PURE-IRON- 


CARBON ALLOYS. 


- 


by the formula 
M3(°F.) = 1025 — 650 X %carbon [1] 


This formula is probably valid for 
carbon content up to 0.85 per cent; that 
is, for hypoeutectoid alloys. Greninger’s 
data for two hypereutectoid carbon steels 
(not represented in Fig. 8) would lie well 
above the extrapolated straight line, which 
suggests that application of formula 1 to 
alloys containing more than 0.85 per cent 
carbon would give a calculated Ms lower 
than the measured Msg, and that the dis- 
crepancy would be greater the higher the 
carbon. This limitation does not interfere 
with the practical usefulness of the formula, 
since most commercial steels contain less 
than 0.85 per cent carbon; when they 


substituted in the formula in any case. 

Since carbon apparently has an orderly 
effect upon Mg, which may be expressed 
by means of a simple formula, this gives 
the promise that other elements likewise 
may have a simple and orderly effect upon 
martensite formation. 


EFFECT OF INDIVIDUAL ALLOYING 
ELEMENTS UPON Mz 


The effect of each of the common alloy- 
ing elements upon Ms is now to be con- 
sidered. The most desirable data for this 
purpose are those for alloys containing only 
iron, carbon and the particular alloying 
element under consideration; but scarcity 
of data makes it necessary to consider 
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also steels that contain some manganese, 
silicon and impurities in addition to iron, 
carbon and the particular alloying element. 

Silicon.—Chiswik and Greninger’ studied 
a series of iron-carbon-silicon alloys con- 


Payson and Savage,‘ however, interpreted 
their measurement of Msg for a 0.5 per cent 
carbon, 1 per cent silicon steel as indi- 
cating that 1 per cent silicon lowers Mg by 
20°F. 
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Fics. 9-12.—EFFECT OF VARIOUS ELEMENTS ON Ms. 


taining 0.8 per cent carbon and 1.6 to 
3.6 per cent silicon, and concluded that 
silicon (at least up to 3.6 per cent) 
neither raises nor lowers Ms. Zyuzin® also 
reported that silicon has no effect upon 
Ms in nominally 1 per cent carbon steel. 


On the basis of these results it is con- 
cluded that silicon, in the amount present 
in commercial grades of hardenable steel, 
has no effect upon Msg. For iron-carbon- 
silicon alloys, therefore, Ms may be com- 
puted -by the empirical formula: 











R. A. GRANGE 
M3(°F.) = 1025 — 650 X % carbon 


—oX %silicon [2] 


Manganese.—No data are available for 
pure iron-carbon-manganese alloys, but 
Ms has been measured in many plain 
carbon steels (which, of course, contain a 


TABLE 4.—Composition and M, o 
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lated according to formula 3, are shown on 
the chart, principal reliance is placed upon 
the former. It is concluded from this chart 
that each 1 per cent nickel lowers Ms by 
36°F. 

Chromium and Molybdenum.—Published 
data that reveal the effect of chromium or 


f a Series of Chromium and of Molybdenum Steels 





Composition, Per Cent 
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Calculated M,| Lowering of 
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’ Not determined: 


; reportedly low. 


oA rding to f 


significant percentage of manganese) and 
in a few manganese steels. Neglecting the 
possible effect of small amounts of im- 
purities, the lowering of Ms due to man- 
ganese may be calculated in each case by 
subtracting the measured Ms from the Ms 
calculated by formula 2 for the same 
composition without manganese. On this 
basis, data from the literature*®*® and 
from our investigation have been plotted 
in Fig. 9. Although somewhat scattered, 
the points, in confirmation of this method 
of analysis, define a straight line, which 
passes through zero. It is concluded that 
each 1 per cent manganese lowers Ms by 
70°F.; therefore, for plain carbon and 
carbon-manganese steels Ms may be calcu- 
lated by the formula 


M;(°F.) = 1025 — 650 X % carbon 


— 79 X % 


[3] 


Nickel.—The effect of nickel is shown 
in Fig. 10. The points from Chiswik and 
Greninger’ were determined for iron- 
carbon-nickel alloys, and although several 
points for nickel steels, calculated by sub- 
tracting the measured Ms from that calcu- 


manganese 


molybdenum upon M, are few and, par- 
ticularly for molybdenum, are in dis- 
agreement. Consequently, we measured 
Msg for each of a series of chromium steels 
and of molybdenum steels. Since banding 
(segregation) was found to have an impor- 
tant effect upon Ms and is likely to vary 
in severity from steel to steel, our steels 
were heated for 2 days at 2350°F. (homo- 
genized) to eliminate banding. The Ms was 
determined by the metallographic tech- 
nique in accordance with the principles 
discussed previously. All steels were austen- 
itized at 2000°F. to ensure complete 
solution of chromium or molybdenum in 
austenite. The composition of each steel, 
determined after homogenization, and the 
measured Ms, is listed in Table 4. In each 
steel, the effect of chromium, or molyb- 
denum, was estimated by subtracting the 
measured Ms from an Ms for that particular 
steel composition, without chromium or 
molybdenum, calculated according to for- 
mula 3 (Table 4). 

The data for chromium steels are plotted 
in Fig. 11. Unlike corresponding data for 
manganese or nickel, they do not lie on a 








arenemageong 


AO het mame eM 5 Ae 


Soe aed aes 7 ge aac 


~ eerreres OE 
— 
us tear Rerer 


LENT PI 
HO ies eis nce 
plates 











SS is lah ant dime Sno ets 
meaner mst <7 = 
. 


484 THE TEMPERATURE RANGE OF MARTENSITE FORMATION 


straight line that extrapolates to zero. As 
compared with elements previously con- 
sidered, these data are very scattered; how- 
ever, since our data for the homogenized 
series of chromium steels are centrally 
located with respect to other data, asmooth 
curve has been drawn through them and 
extrapolated to zero. This curve, as drawn, 
indicates that small percentages of chro- 
mium are proportionally more effective in 
lowering Msg than larger percentages; con- 
sequently, the effect of chromium cannot 
be expressed by a simple factor in an 
empirical formula. Within the range of 
chromium content in most commercial low- 
alloy steels, however, it suffices to approxi- 
mate the effect of chromium by the dashed 
line shown in Fig. 11. For present purposes, 
we shall tentatively conclude that, in the 
range o to about 1.5 per cent, each 1 per 
cent chromium lowers Msg by 70°F. 

The data for molybdenum steel are even 
more difficult to analyze than those for 
chromium steel, as is apparent in the 
scattered points of Fig. 12. Our own 
homogenized series of molybdenum steels 
fails to define any particular curve and 
published data are equally inconsistent. 
Before selecting our steels for determining 
the effect of molybdenum upon Meg, it was 
thought that perhaps the effect of molyb- 
denum might vary with carbon content, 
and, for this reason, two steels containing 
nominally 0.3 per cent carbon and three 
containing nominally 0.7 per cent carbon 
were selected; however, it is apparent that 
the effect of molybdenum is about equally 
erratic in either carbon range. Obviously, 
additional experimental measurements are 
needed; however, it is possible that the 
effect of molybdenum will always be found 
to be consistently erratic, as in the present 
data. For the present, a compromise and 
tentative curve has been drawn in Fig. 12 
and, just as for chromium, it is indicated 
that small percentages of molybdenum are 
proportionally more effective than larger 
ones in lowering Msg. The curve, as drawn, 


is a straight line in the range o to 1 per cent 
molybdenum (the range that includes 
commercial low-alloy steels), and 1 per cent 
molybdenum lowers Msg by 50°F. 

Other Alloying Elements.—The elements 
thus far considered include the principal 
ones present in hardenable low-alloy steels, 
and it is not essential for most practical 
purposes to estimate the quantitative effect 
of the minor elements. Qualitatively, 
Zyuzin® reported that Ms is raised by 
aluminum and cobalt (this effect of cobalt 
is confirmed by Chiswik and Greninger’) 
and lowered by copper, vanadium and 
tungsten, the latter two being about like 
molybdenum in quantitative effect when 
dissolved in austenite. 


ESTIMATION OF Ms FROM CHEMICAL 
COMPOSITION 


Assuming that the individual effect of 
each alloying element is additive when two 
or more are present and that the effect of 
impurities and small amounts of elements 
not to be considered have no significant 
effect on Ms, it is possible to write a single 
empirical formula, as follows: 


M3(°F.) = 1025 — 650 X %C 
— 70 X %Mn— 36 X ZNi 
— [70 X % Cr] — [so X % Moj* = [4] 


This formula should make it possible to 
calculate the approximate Mgin any carbon 
or low-alloy steel whose composition is 
known, subject to the following limita- 
tions: 

1. The carbon content must be within 
the range 0.20 to 0.85 per cent (the formula 
may be found to apply to lower carbon, but 
only steels containing carbon within the 
specified range were considered in its 
development). 

2. The chromium content must be less 


* The factors for chromium and molybdenum 
are enclosed in brackets to indicate that 
more uncertainty exists in the correct value, 
and also because these factors apply only to a 
limited range of chromium or molybdenum 
content. 
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than about 1.5 per cent and the molyb- 
denum content less than about 1 per cent; 
for a steel containing a higher percentage 
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mation of Ms in commercial carbon and 
low-alloy steels such as those considered in 
the first part of this paper, we feel justified 
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of either of these two elements, the curves 
of Figs. 11 and 12 for chromium and molyb- 
denum, respectively, may be used for sub- 
stituting a value in the formula. 

3. All carbides (therefore carbon and 
alloying elements) must be dissolved in 
austenite. 


When formula 4 was applied to the 14. 


steels whose Mg we measured (Table 3), 
the calculated Mg was usually higher than 
the measured Mg by about 25°F. This dif- 
ference may be due to error in some of 
the factors in the formula, or it may be 
that impurities such as phosphorus and 
the small amounts of other alloying 
elements present in commercial steel, 
while having as individuals a small effect, 
may combine to cause this relatively con- 
stant error. Inasmuch as this analysis is 
empirical, and designed to permit esti- 


in modifying formula 4 to read: 


M3(°F.) = 1000 — 650 X %C 
— 70 X %Mn — 35 X HNi 
— [70 X % Cr] — [so X % Mo} [s] 


The Msg of each steel measured in part I 
has been calculated by this revised formula 
(formula 5) and plotted in Fig. 13 against 
the corresponding measured Ms. The corre- 
lation is quite acceptable for this typical 
group of carbon and Jow-alloy steels, the 
calculated Mg being in all within 20°F. of 
the measured value. For SAE-52100 (not 
plotted in Fig. 13), the calculated Mg was 
70°F. low, because the carbon content of 
this steel is above the range in which the 
formula applies; it confirms the earlier 
statement that the lowering of Mg is no 
longer directly proportional to carbon con- 
tent above 0.85 per cent. Within the limita- 
tions of the formula, as stated above, it 
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would appear that Ms may be calculated 
with sufficient accuracy for many purposes, 
and, if Ms is to be actually measured, will 
serve as a useful guide in planning such 
measurements. 


general type, although their precise shape 
and temperature range vary considerably. 
This is evident in comparing the curves for 
SAE-52100, SAE-1065 and SAE-2340; 
apparently, the higher the carbon content, 
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ESTIMATION OF PERCENTAGE OF MaAr- 
TENSITE FORMED AT ANY GIVEN 
TEMPERATURE 


The curves summarizing our measure- 
ment of the proportion of martensite formed 
on quenching for 3 sec. at each of a series 
of temperatures (Fig. 4) are of the same 


i | 
06 07 08 09 0 
PERCENT CARBON 
Fic. 14.—CHART FOR ESTIMATING PROPORTION OF MARTENSITE AT ANY GIVEN TEMPERATURE WHEN 
M, AND CARBON CONTENT ARE KNOWN. 


the greater the temperature difference be- 
tween beginning and ending of the curve. 
Other alloying elements also widen the 
temperature range of martensite formation 
according to Payson and Savage,‘ and this 
is confirmed in a qualitative way by our 
data; however, their effect seems to be 
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small compared with that of carbon, at 
least in most commercial types of low- 
alloy steel. Based upon the observation that 
carbon widens the temperature range of 
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ing that they define the straight lines drawn. 
However, the dependence of the extent of 
martensite formation range upon carbon 
content is demonstrated, and, in view of 
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Fic. 15.—COMPARISON OF MARTENSITE-FORMATION CURVE, CALCULATED FROM FORMULA 5 AND 
FIGURE 14, WITH MEASURED DATA FOR AN AISI A-4063 STEEL. 


martensite formation, and neglecting for 
the present, because of lack of adequate 
data, the effect of other elements, it seems 
worth while to utilize present data to pre- 
dict the proportion of martensite formed 
at any given temperature, even though it 
is admittedly only a rough approximation. 

If for each of the steels in part I the tem- 
perature interval below Ms (to the nearest 
5°F.) in which 10, 50, 90 and 99 per cent 
martensite has formed is determined from 
Fig. 4, the chart shown in Fig. 14 results. 
The points are scattered, particularly those 
for the higher percentage of martensite, 
and considerable liberty is taken in assum- 


the several factors that are not considered, 
it is not surprising that the points are 
scattered. 

Fig. 14, in conjunction with formula 5, 
may be used to predict the approximate 
temperature at which any given percentage 
of martensite will have formed, subject to 
the limitations discussed above with refer- 
ence to the formula. For example, suppose 
it is desired to roughly estimate martensite 
formation in a steel of the following com- 
position: C, 0.64 per cent; Mn, o.61; P, 
0.014; S, 0.017; Si, 0.20; Mo, 0.25. Selection 
of this particular steel was influenced by 
the fact that Elmendorf" has experimen- 
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tally measured its martensite formation 
in some detail. For this steel, Ms may be 
computed as follows: 


M3(°F.) = 1000 — 650 X %C — 70 
X % Mn — 35 X GZNi 
— [70 X % Cr] — [50 
X % Mo] (formula s) 
= 1000 — 650 X 0.64 — 70 
X 0.61 — 35 X0 — 70 
X O— 50 X 0.25 
= 1000 — 416 — 43 —O — 0 — 12 
= 1000 — 47I 
= 529 (or to the nearest 5°F., 
530°F.) 


The temperature at which 10, 50, 90 and 
99 per cent martensite forms is then esti- 
mated from Fig. 14 by noting the inter- 
section of a vertical coordinate line at 0.64 
per cent carbon with the slanting lines on 
the chart; thus, 


10% martensite forms at 45°F. below Msg, 
or 530° — 45° = 485°F. 

50% martensite forms at 90°F. below Ms, 
or 530° — 90° = 445°F, 

90% martensite forms at 155°F. below Ms, 
i or 530° — 155° = 375°F. 

99% martensite forms at 220°F. below Ms, 
or 530° — 220° = 310°F. 


These values, plotted in Fig. 15, are suffi- 
cient to define a smooth curve from which 
the temperature for any intermediate per- 
centage of martensite can be estimated. 
For comparison, Elmendorf’s experimental 
data are also plotted in Fig. 15. When it is 
recalled that experimental measurement of 
martensite formation by the metallogra- 
phic technique is not highly accurate, and 
is so influenced by the quenching time and 
tempering treatment, as well as by segrega- 
tion in different steels of the same over-all 
composition, that different investigators 
rarely agree exactly when working with 
steel of comparable composition, the agree- 
ment in this case between the calculated 
and the experimental curve seems sur- 
prisingly good—perhaps better than can be 
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generally expected. It appears that esti- 
mation of martensite formation by this 
empirical method may be sufficiently 
accurate for many practical purposes 
and if actual measurements are to be 
made would be useful in planning the 
measurements. 


DISCUSSION OF RESULTS 


In part I, in which the determination of 
martensite formation by a metallographic 
technique was discussed at some length, it 
was pointed out that the results apply 
specifically to very smal] samples quenched 
for about 3 sec. in liquid media. It is not 
known for certain whether such results 
apply exactly to the more general cases 
where larger masses of steel are time- 
quenched or cooled continuously to room 
temperature. In all probability, thermal 
and transformation stresses, which were 
relatively insignificant in our very small 
specimens, may play an important role in 
martensite formation. For example, it has 
been claimed that compressive stress lowers 
the temperature range of martensite for- 
mation and tensile stress raises it. The 
observation sometimes made, that in a 
steel such as SAE-3140 an appreciable pro- 
portion of austenite is retained, particularly 
in the center, on quenching larger masses 
to room temperature is not entirely con- 
sistent with our data unless we assume that 
in the larger mass stress has influenced the 
transformation of austenite to martensite. 
There are also puzzling observations asso- 
ciated with the breakdown of retained 
austenite by refrigeration in relatively high- 
carbon steels, wherein, for example, it 
appears that the proportion of austenite to 
transform during refrigeration is decidedly 
affected by prior “aging” at room tem- 
perature before refrigeration; again, an 
important effect of stress, or possibly some 
other factor, is indicated. Obviously, the 
subject of martensite formation is one that, 
at present, is not well understood, and a 
great deal of investigation must be done 
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before the limitations of present data are 
clear. 

Subject to limitations imposed by lack 
of knowledge concerning all the factors that 
influence martensite formation. the present 
data should prove helpful in planning heat- 
treatment, for they suggest an orderly and 
predictable behavior for transformation of 
austenite to martensite and provide infor- 
mation of a sort that has been almost 
entirely lacking. As more information 
develops, the empirical method proposed 
for estimating martensite formation as a 
function of austenite composition may be 
extended and improved or perhaps aban- 
doned as an oversimplification. It is evident 
that unavoidable segregation in com- 
mercial steels introduces a variable and 
seemingly not measurable factor, which 
will always preclude really precise estima- 
tion of martensite formation based on over- 
all steel composition. 


SUMMARY 


This paper is divided into two parts, the 
first being a presentation of experimental 
results; the second, an analysis of these and 
of pertinent published data* for the purpose 
of developing an empirical relationship 
between chemical composition and the 
proportion of martensite formed on quench- 
ing to any given temperature. 

In agreement with the published results 
of others, it was found that in a given com- 
position martensite does not form above a 
certain temperature now commonly de- 
signated Mg; on quenching to a lower and 
lower temperature, more and more marten- 
site forms, until finally virtually all of the 
austenite has transformed to martensite. 
Thus, martensite appears to form over a 


* A considerable number of published papers 
dealing with martensite formation are not 
specifically mentioned for the reason that 
their data on Ar’, though pertinent, were 
obtained by thermal or dilatometric analysis, 
neither of which, unless special care is taken, 
yields the M. temperature with sufficient pre- 
cision for our purposes. 


489 


range of temperature rather than pro- 
gressively at any constant temperature 
during a measurable time period; never- 
theless, the lower portion of the conven- 
tional isothermal transformation diagram 
may be modified to depict martensite for- 
mation (Fig. 5). 

The results of our observations, based on 
the metallographic technique of Greninger 
and Troiano (Figs. 1, 2), of each of 14 popu- 
lar steel compositions, are summarized in 
a curve, which shows the proportion of 
martensite formed on quenching at each of 
a series of temperatures (Fig. 4); the curves 
for all the steels are generally similar, but 
are displaced with respect to one another 
on the temperature scale. The temperature 
range in which martensite forms is decidedly 
influenced by composition, especially car- 
bon content; but in a steel containing 
undissolved carbides after austenitizing, it 
depends upon the actual composition of the 
austenite rather than upon the over-all 
composition of the steel (Fig. 7). 

Neither Mg nor the proportion of marten- 
site at any lower temperature was affected 
by difference in austenite grain size (Fig. 6) 

Carbon and individual alloying elements 
appear to have an orderly effect upon the 
temperature of martensite formation, par- 
ticularly upon Ms, the upper limit of the 
range (Figs. 8 to 12). On this basis, assum- 
ing that when several alloying elements are 
present the individual effects are additive. 
the following empirical formula is proposed 
for estimating Mg in degrees Fahrenheit 
for any hypoeutectoid steel of known 
composition: 


M3(°F.) = 1000 — 650 X ZC 
— 70 X %Mn — 35 X ZNi — [70 
X % Cr] — [50 X % Moj.* 


Those alloying elements not represented in 





* Brackets enclose the chromium and the 
molybdenum factor because more uncertainty 
exists as to the correct value and because the 
factor given seems to apply, in either case. 
only up to a certain percentage. 
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the formula are believed not to appreciably 
affect martensite formation when present 
in the amount usually encountered in com- 
mercial carbon and low-alloy steels. 

The extent of the temperature range of 
martensite formation seems to depend 
principally upon carbon content, and a 
chart (Fig. 14) based upon our measure- 
ments makes it possible to approximate the 
proportion of martensite formed at any 
particular temperature in any steel whose 
Mss has been previously calculated or other- 
wise determined. A curve representing the 
relationship between percentage of marten- 
site and temperature derived in this way 
agrees sufficiently well for many practical 
purposes with experimental data from a 
published source (Fig. 15). It is thought 
that this empirical approximation may 
prove useful in planning heat-treatment of 
steel whose martensite formation has not 
been experimentally studied, although fail- 
ure to take into account the probable effect 
of certain alloying elements in extending 
the temperature range of martensite 
formation (because of insufficient data at 
present) precludes accurate derived results, 
particularly in steels containing an appreci- 
able percentage of alloying elements. 
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DISCUSSION 


(Walter Crafts presiding) 


M. F. Hawxes.*—I should like to mention 
some unpublished work done recently at 
Carnegie Institute of Technology. We found 
that cobalt increases the Ms temperature when 
it is in solution in homogeneous austenite. This 
behavior, which is opposite to that of the ele- 
ments discussed in this paper, is not so surpris- 
ing when one remembers that cobalt also acts 
anomalously to decrease hardenability; that is, 
to increase the rates of transformation of 
austenite to ferrite and/or pearlite. 


C. ZENER. t—I am pleased to learn from Dr. 
Hawkes that cobalt actually raises the Ms 
temperature. In two papers recently presented 


* Metals Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh, Pennsyl- 
vania. 

{ Professor of Metallurgy. University of 
Chicago, Chicago, Illinois. 

12 C, Zener: Equilibrium Relations in Medium- 

alloy Steels. This volume, page 513. 

C. Zener: Kinetics of the Decomposition of 

Austenite. This volume, page 550. 
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before this society,'? the Mg temperature has 
been regarded as the temperature at which the 
free energy of the gamma phase is equal to the 
free energy of the alpha phase of the same 
composition but containing strains that inevita- 
bly arise from its mode of formation. Accord- 
ing to this viewpoint, the influence of alloying 
elements upon the Mg temperature is deter- 
mined uniquely by their standard free energy 
difference in the alpha and gamma phases. 
Anomalies in the influence of alloying elements 
upon the Mg temperature must therefore be a 
reflection of anomalies in the difference of their 
standard free energies in the two phases. Now 
the alpha-gamma phase boundaries of the 
binary iron-alloy system are uniquely deter- 
mined by these standard free-energy differences; 
hence anomalies in the influence of any alloying 
element upon the Ms temperature should be 
interpretable in terms of anomalies in the ap- 
propriate iron-alloy constitution diagram. 

{n the iron-chromium constitution diagram 
the closed gamma loop has a minimum, indi- 
cating that at temperatures below goo°C. the 
difference in standard free energy of chromium 
between the alpha and gamma phases changes 
sign as the concentration is increased. This 
dependence of standard free energy differ- 
ence of chromium upon concentration must 
result in a nonlinear influence upon the Ms 
temperature. 

In the iron-cobalt constitution diagram an 
increase of cobalt concentration raises the 
gamma-delta boundary, but leaves the alpha- 
gamma boundary essentially unaltered. Such 
an effect is evidence that the standard free 
energy of cobalt in alpha iron is lowered with 
respect to its value in gamma iron as the 
temperature is lowered from 1400° to goo°C., 
the two free energies being identical at the 
latter temperature. By extrapolation, therefore, 
it can be surmised that the standard free 
energy of cobalt is lower in alpha than in 
gamma iron below 900°C. If such an extrapola- 
tion is correct, it must follow that cobalt will 
raise the Ms temperature. 


J. H. Hottomon.*—I should like to ask the 
authors if the method of presenting the mar- 
tensite start and finish data that they used in 
constructing their S-curves means to imply 
that the temperature of the completion of the 





* Watertown Arsenal, Watertown, Mass. 
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martensite reaction is independent of cooling 
rate. Furthermore, does this means of presenta- 
tion of the data imply that the temperature for 
20 per cent martensite formation, for example, 
would also be independent of cooling rate? 
There is definite evidence that the amount of 
martensite formed upon cooling to any tem- 
perature below the Ms varies with cooling rate. 
These data would indicate that the tempera- 
tures at which fixed amount of martensite 
formed other than the first few per cent would 
depend upon the rate of cooling. I agree that the 
Ms temperature is independent of cooling rate 
but that the temperatures at which finite 
amounts of martensite form do depend on cool- 
ing rate. 


W. Witson.*—The implication has been 
made that the dilatometric method might 
give erroneous results on the first martensite 
formation or Mg point. We ‘have correlated 
some of our work on the contraction of austenite 
on quenching from a fixed austenitizing tem- 
perature to various subcritical temperatures. 
These results are best fitted by two straight 
lines; for temperatures below the Ms point, the 
contraction observed is independent of the 
temperature. The experimental points follow 
the horizontal line quite closely. This, I believe, 
would indicate that martensite formation can 
readily be detected by the dilatometer (Fig. 16) 
and further that the results are reproducible 


A. Sxapski.{—Dr. Zener just gave us a 
very good example of how metallurgical 
phenomena can be treated from the thermedy- 
namical point of view using characteristic 
functions such as free energy and avoiding any 
special assumptions. 

It seems to me that the difficulty he had in 
dealing with the Fe-Cr-C case may be perhaps 
connected with the capillary activity of chro- 
mium carbide; i.e., with its tendency to concen- 
trate in the grain boundaries. In trying to base 
our calculations of heterogeneous thermody- 
namic equilibria upon the familiar composition- 
temperature diagrams. we may come across 
deviations of facts from theory unless we take 
under consideration these phenomena of 
adsorption in grain boundaries for two reasons. 


* Assistant Metallurgist, Armour Research 
Foundation, Chicago, Illinois. 
t+ University of Chicago, Chicago, Illinois. 
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First, the diagrams refer always to average 
bulk composition of the respective phase, while 
the reaction itself occurs in the grain boundaries 
whose composition_may be different from that 





in the grain boundaries must be shifted, as 
shown already by J. J. Thomson, by the influ- 
ence of interface free energy and in such a way 
as to increase the equilibrium concentrations of 





Fic. 16.—DILATOMETER IN USE: (a) “‘EXPLODED”’; (b) “‘ASSEMBLED”’, 


of the bulk of the grains owing to mere adsorp- 
tion. This difference will increase with the 
difference between the respective surface ener- 
gies of the phases and with increasing capillary 
activity of the other components. Second, the 
equilibrium constant of the reactions occurring 


capillary active products of the reaction and to 
suppress the concentration of others. 

I sincerely believe that a wider application of 
the laws of physical chemistry of heterogeneous 
reactions and especially those of surface 
chemistry to the domain of metallurgical 
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phenomena would help considerably in clearing 
up many apparently obscure facts, and I wish 
to welcome most heartily Dr. Zener’s excellent 
and fruitful work in this direction. 
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average lines are for the SAE-s52100 austen- 
itized at 1550°F. (Ms = 480°F.), in which the 
carbides were undissolved. The corresponding 
points had not been plotted in Fig. 14; they 
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L. D. Jarre.*—Messrs. Grange and Stewart 
have presented in their fine paper information 
that has been long and badly needed. 

The percentage of martensite formed at 
various temperatures below the Ms might well 
be expected to depend upon the Ms itself, 
rather than directly upon composition. Data 
taken from Fig. 4 have been plotted in Fig. 17. 
The scatter is perhaps somewhat less than in 
Fig. 14, and the trend perhaps somewhat more 
clearly defined. The greatest deviations from 


* Metallurgist, Watertown Arsenal, Water- 
town, Massachusetts.’ 


would deviate greatly, of course, from lines 
shown in that figure. 

It is of particular interest that all the lines of 
Fig. 17, including the Ms, converge to a single 
point. This point is shown as 1025°F., though 
the scatter permits drawing lines converging at 
any temperature between 1000° and r100°F. 
This suggests that a steel with an Mg of about 
1025°F. would transform wholly (and instantly) 
to martensite at this single temperature. Simple 
thermodynamic theory would suggest that 
austenite should always transform wholly to 
martensite at a single temperature; the phenom- 
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enon responsible for the failure of the austenite 
to do so evidently is less important the higher 
the temperature, and becomes negligible in the 
neighborhood of 1025°F. It is of added interest 


M,(°F) = 1000 — b[650 K %C + 70 X%Mn 
+ 35 X MNi+ (70 X %Cr) + (50 X %Mo)} 


The coefficient 5 is given directly in Fig. 18. 
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that 1025°F. is approximately the temperature 
obtained, by extrapolation, for the Mg of pure 
iron. 

The (negative) slope a of the lines of Fig. 17, 
has been plotted in Fig. 18 against the per- 
centage of martensite. The degrees below the 
Msg at which any percentage of martensite 
forms are then given by 


°F below Ms = a(1025 — Ms) 


the coefficient a being read from Fig. 18. Upon 
substitution in Eq. 4 and simplification, the 
temperature at which any percentage of 
martensite is formed is found to be 


M,(°F) = 1025 — (1 + a)[650 X ZC +70 
X %Mn + 35 X ZNi + (70 X %Cr) = 
(so X %Mo)] 


The 1025°F. may be changed to 1o0o°F., as 
suggested in the paper. Then substituting 


b=1+a 


there is obtained, for the temperature at which 
any percentage of martensite is found. 


A. E. NEHRENBERG.*—As the authors have 
pointed out, isothermal transformation dia- 
grams are of greater practical value when they 
include data on the martensite reaction. Many 
of the published diagrams do not contain this 
information, so Grange and Stewart have per- 
formed a real service in developing a method 
whereby the temperature range of martensite 
formation in a steel of a given chemical com- 
position, and the proportion of martensite 
formed during cooling to a given temperature 
within this range, can be calculated. 

The formula they have developed for cal- 
culating ‘the Mg point of low-alloy steels is 
somewhat different from that of Payson and 
Savage,'? who concluded that the following 
relationship exists between chemical composi- 
tion and Mg temperature: 


Ms(°F) = 930 — 570C — 60Mn — soCr 
— 30Ni — 20Si — 20Mo 


* Assistant Supervisor of Research, Crucible 
Steel Company of America, Harrison, N. J. 

12P, Payson and C. H. Savage: Martensite 
Reactions in Alloy Steels. Trans. Amer. Soc. 
for Metals (1944) 33, 261-280. 
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The Grange-Stewart formula is based upon 
the data of Digges'* and Greninger,'4 both of 
whom evaluated the effect of carbon on the Ms 
point of high-purity iron-carbon alloys. These 
investigators found that 1 per cent carbon 
lowers the Ms of these alloys 650°F. 

Greninger'* also determined the effect of 
carbon on the Ms temperature of plain carbon 
steels containing low manganese and silicon and 
found that 1 per cent carbon in such steels 
lowers their Mg point 570°F. Payson and 
Savage used these data as a basis for their 
formula. 

It has been quite definitely established that 
1 per cent Mn lowers the Ms temperature 
about 60° to 70°F. and that 1 per cent Si does 
not lower it by more than 20°F. Consequently, 
Greninger’s curve for plain carbon steels can be 
corrected to o per cent Mn and o per cent Si by 
using factors of 70 and 20, respectively. It 
makes no appreciable difference whether a 
factor of 60 or 70 for manganese and o or 20 
for silicon is used. The corrected curve is shown 
in Fig. 19 along with Greninger’s curves show- 
ing the effect of carbon on the Ms point of both 
high-purity iron-carbon alloys and on plain 
carbon steels containing low manganese and 
silicon. 

The corrected curve has a slightly different 
slope from that of the plain carbon steels be- 
cause the manganese content of the steels used 
by Greninger increased somewhat with increas- 
ing carbon content. Consequently, the effect of 
carbon alone in plain carbon steels is not as 
great as indicated by the uncorrected curve. 
The corrected curve indicates that 1 per cent 
carbon lowers the Ms temperature of plain 
carbon steels containing o per cent Mn and o 
per cent Si 540°F. This curve extrapolates to a 
temperature of 930°F. at o per cent carbon. 

It has been found that by reducing the factor 
for carbon from 570 to 540 in the original 
Payson-Savage formula, as is justified by the 
preceding discussion, closer agreement results 
between calculated and measured Ms points. 
Also, it has been found desirable to lower the 


13 T, G. Digges: Transformation of Austenite 
on Quenching High-purity Iron-Carbon Alloys. 
Trans. Amer. Soc. for Metals (1940) 28, 575- 


607. 

ij A. B. Greninger: The Martensite Thermal 
Arrest in Iron-carbon Alloys and Plain Carbon 
Steels. Trans. Amer. Soc. for Metals (1942) 
30, 1-26. 
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factor for chromium, because when the original 
data that Payson and Savage used for evaluat- 
ing the effect of chromium is corrected for 
differences in carbon content the factor becomes 
40, instead of 50 as originally reported. Klier 
and Troiano'® investigated the effect of chro- 
mium on the Ms point of iron-carbon-chromium 
alloys at four different levels of carbon content 
and concluded that 1 per cent Cr lowers the 
Ms point 40°F. 

The revised Payson-Savage formula then 
becomes: 


Ms(°F) = 930 — 540C — 60Mn — 40Cr 
— 30Ni — 20Si — 20Mo 


This factor for molybdenum is considerably 
less than that in the Grange-Stewart formula. 
These authors recognize that their factor is not 
necessarily accurate, but the discrepancy 
between the two formulas was thought to be 
great enough to warrant some additional 
investigation. Consequently, another indi- 
vidual determined the Ms points of the high- 
molybdenum steels used by Payson and 
Savage"? in their investigation. He also found 
that 1 per cent Mo lowers the Ms about 20°F. 
Since Chiswick and Greninger'® concluded that 
molybdenum has no effect on Ms, the use of 
such a low factor for it cannot be very greatly in 
error. 

In Table 5 a comparison is made between 
the Ms points calculated by using each of the 
three formulas mentioned above and the values 
determined by Grange and Stewart for the 14 
steels used for this investigation. Additional 
data taken from other investigations are also 
included. 

Consider first only the data taken from this 
paper. Best agreement with measured values 
was obtained by using the revised Payson- 
Savage formula for calculating Ms points. 
When this formula is used, calculated values for 
11 of the 14 steels are no more than 10°F. 
off from the measured values, one is off by 
15°F., one by 20°F. and one by 25°F. When the 


168 E, P. Klier and A. R. Troiano: Ar” in 
Chromium Steels. Trans. A.I.M.E. (1945) 162, 
175-185. 

it H. H. Chiswick and A. B. Greninger: In- 
fluence of Nickel, Molybdenum, Cobalt and 
Silicon on the Kinetics and Ar’’ Temperatures 
of the Austenite to Martensite Transformation 
in Steels. Trans. Amer. Soc. for Metals (1944) 
32, 483-520. 














= 








oe 
-~ ster 








nits apne 





Grange-Stewart formula is used, calculated 
values for 7 of the 14 steels are no more than 
10°F. off from the measured values. 5 are off 
15°F., one is off 20°F. but one is off 85°F. This 
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carbon and 3 per cent Cr are included in Table 
5. When the Mz points are calculated using 
the revised Payson-Savage formula. they all 
agree very well with the measured values. 


IRON-CARBON ALLOYS (3) 


PLAIN CARBON STEELS (3) 
900 Mn 0.42-062% Si 0.02-0.23% 


PLAIN CARBON STEELS 
CORRECTED TO O%MN 02S) 


800 
700 


600 


TEMPERATURE, °F 
Q 
Oo 


h 
Oo 
(2) 


300 


200 
.e) 


0.2 0.4 0.6 





0.8 1.0 - 2 1.4 


CARBON, PER CENT 


FIG. 19.—EFFECT OF CARBON ON THE Mg POINT OF HIGH-PURITY IRON-CARBON ALLOYS AND PLAIN 
CARBON STEELS.'* 

I per cent carbon lowers the Mg point of high-purity iron-carbon alloys 650°F .; of plain carbon 

steels containing low manganese and silicon 570°!'.; and of plain carbon steels corrected to o per 


cent Mn and o per cent Si. 540°F. 


discrepancy occurred in the SAE-s52100 steel 
austenitized at 1950°F’. in order to dissolve all 
the carbides. Grange and Stewart limit the 
use of their formula to the range of carbon 
between 0.20 and 0.85 per cent, since only that 
range of carbon was considered in its develop- 
ment. It is interesting to note that when the 
revised Payson-Savage formula is used, the 
calculating result for SAE-52100 exactly agrees 
with the measured value. 

Klier and Troiano'® have determined the Ifs 
point for a number of iron-carbon-chromium 
alloys containing up to 1.3 per cent carbon. 
Their data for steels containing 1 per cent 
carbon with varying chromium up to 9 per 
cent, and for a steel containing 1.3 per cent 


Evidently, then, a linear relation does exist 
between carbon content and Mg temperature 
in commercial alloys up to at least 1 per cent 
carbon. For the 1.3 per cent carbon, 3 per cent 
Cr alloy, there is an indication that there 
may besome departure from this linear relation- 
ship, although it is not very great. This depar- 
ture may have been due to incomplete solution 
of the carbides. 

Because of the rapidity of the bainite reac- 
tion in the low-carbon, low-alloy steels, it is 
not ordinarily possible to determine Ms points 
using the Greninger-Troiano'’ technique, so 


174. B. Greninger and A. R. Troiano: Kinetics 
of the Austenite to Martensite Transformation 
in Steel. Trans. Amer. Soc. for Metals (1940) 
28, 537-574. 
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there are few published data for steels contain- 
ing less than about 0.30 per cent carbon that 
can be used for checking the revised formula 
for calculating Ms points. Christenson, Nelson 
and Jackson!’ have determined the Ms points 
of two similar steels containing 0.17 per cent 
carbon by employing a gas-quenching tech- 
nique in a high-speed dilatometer. While their 
technique admittedly is not yet entirely per- 
fected, it is interesting to note that the cal- 
culated Ms points for these steels obtained 
by using the revised formula agree reasonably 
well with their experimentally determined 
values. Here again there is a greater discrep- 
ancy when the Grange-Stewart formula is 
used, the deviation in this case being in the 
opposite direction from that in the high-carbon 
steels. 

Data on two additional steels containing 1.0 
and 1.9 Si are also included in Table 5. It is 
shown that the calculated Ms points agree 
reasonably well with the measured values when 
the revised formula, which contains a factor of 
20 for silicon, is used. A discrepancy exists 
between the measured and calculated Ms 
points when the Grange-Stewart formula is 
used. If a factor of 20 for silicon is used in this 
formula also closer agreement with the experi- 
mental values results, and this would seem to 
justify the use of this factor. 

As Grange and Stewart have stated, in 
practice the carbides are seldom completely 
dissolved in the higher carbon, low-alloy steels, 
and it may at first seem that it is irrelevant to 
demonstrate that one formula has a greater 
degree of accuracy than another for such 
materials. However, since it has been found 
that the revised Payson-Savage formula for 
calculating Ms points in low-alloy steels is more 
accurate over a range of carbon from about o.2 
to 1.3 per cent than any other formula yet 
proposed, it follows that it can be used with a 
greater degree of confidence over the more 
limited range of carbon of most commercial 
low-alloy steels. 

The present authors have imposed certain 
limitations on their formula. It is not to be used 
for carbon contents outside the range 0.20 to 
0.85 per cent, for chromium over 1.5 per cent or 


18 A. L. Christenson, E. C. Nelson and C. E. 
Jackson: A High-speed Dilatometer and the 
Transformational Behavior of Six Steels in 
Cooling. Trans. A.I.M.E. (1945) 162, 606-626. 


OF MARTENSITE FORMATION 


for molybdenum over 1 per cent. No such 
limitations appear to be necessary when the 
revised Payson-Savage formula is used, the 
only requirement being that there shall be 
complete solution in the austenite of all the 
carbides present. 


R. A. GRANGE AND H. M. STEWART (au- 
thors’ reply).—The anomalous effect of cobalt 
in raising Ms, reported by Dr. Hawkes, con- 
firms the results of Zyuzin et al.;® it is interest- 
ing to note that the latter investigators found 
that aluminum also raised Ms, which suggests 
that possibly aluminum, like cobalt, may also 
increase the rates of transformation of austen- 
ite to ferrite and pearlite. 

Dr. Zener and Dr. Skapski rationalize, from 
thermodynamic considerations, on the signif- 
icance of the Ms temperature with respect to 
equilibrium conditions in iron-base alloys. We 
are pleased to have this additional evidence that 
chromium may lower Msina nonlinear manner. 

Captain Hollomon has raised a question that 
had previously caused us some concern, and to 
which we do not know the answer. Our method 
of including data on martensite formation in the 
isothermal transformation diagram (Fig. 5) 
was designed to minimize such implications as 
that about which he inquires. The arrows on 
this diagram, as drawn, simply point to the 
temperature at which, under the conditions of 
our measurements, the indicated percentage of 
martensite was observed; just how well such 
data may apply to quenched steel in general is 
admittedly open to question. We have made a 
few measurements of martensite formation by 
the metallographic technique in which speci- 
mens comprised several thicknesses in the 
range 442 to )¥ in., thus, in effect, varying the 
cooling rate-when all were quenched alike; in 
these, no difference was observed in the propor- 
tion of martensite formed on quenching to 
a temperature about midway in the martens- 
ite-formation range. On the other hand, there 
are several statements in the literature to the 
effect that, in a particular steel and identical 
size of specimen, more austenite is retained after 
oil quenching (slower cooling) than after water 
quenching (faster cooling). As pointed out in 
the paper, thermal and transformation stresses, 


® Unless otherwise indicated by a footnote, 
this and other such numbers refer to the list of 
references given in the paper. 





DISCUSSION 


which are relatively insignificant in small 
specimens, may play an important role in 
martensite formation when larger masses of 
steel are quenched, and thus account for 
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in a lead-alloy or salt bath that interference 
from bainite formation resulted. 

Mr. Jaffe has contributed an ingenious and 
valuable analysis of our data, based on the 
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CARBON - PERCENT 
Fic. 20.—INFLUENCE OF CARBON ON Ms TEMPERATURE OF A SERIES OF COMMERCIAL CARBON STEELS. 


such seeming discrepancies in experimental 
observations. 

With reference to Mr. Wilson’s discussion, 
we did not intend to imply that it is impossible 
to measure Ms accurately by dilatometric 
methods, but rather that it is more difficult than 
by the metallographic technique; furthermore, 
the percentage of martensite formed at a tem- 
perature below Ms, which was an important 
consideration in our work, probably could not 
have been measured accurately with the dila- 
tometer because a partly martensitic specimen 
is likely to be in such a strained condition that 
change in length is not a reliable measure of 
change in volume. Apparently, the dilatometric 
method used by Mr. Wilson is similar to that 
described in greater detail by Flinn, Cook and 
Fellows.'* We have had experience with this 
method, using a dilatometer similar to that 
illustrated by him except that ours comprised 
two concentric quartz tubes instead of two 
parallel rods. It was found that this method 
worked satisfactorily for high-carbon steels 
(although tedious and time consuming), but 
was not satisfactory for medium and low-carbon 
steels, for which so much time was required to 
establish thermal equilibrium after quenching 


19 R. A. Flinn, E. Cook and J. A. Fellows: A 
Quantitative Study of Austenite Transforma- 
tion. Trans. Amer. Soc. for Metals (1943) 31, 
41-66. 


assumption that the temperature at which any 
given percentage of martensite forms on quench- 
ing is directly related to the Ms temperature. 
As demonstrated very nicely by Mr. Jaffe, our 
data indicate this to be true, but these data 
may not comprise a sufficient variety of com- 
positions, particularly with respect to alloying 
elements, to generalize to this extent. Neverthe- 
less, it will be most interesting to apply Mr. 
Jaffe’s formula as more data become available. 

Mr. Nehrenberg has made what appears to be 
a desirable revision of the empirical formula 
proposed by Payson and Savage; certainly, the 
revised formula applies to our data with greater 
accuracy than the original version. 

In comparing empirical formulas for cal- 
culating Mxs from chemical composition, there 
is little point in considering or trying to evaluate 
factors for other elements until that for carbon 
has been established, because carbon is at 
least nine times as effective in lowering Ms as 
any other single element. The discrepancy 
between the effect of carbon on Ms, as measured 
for pure iron-carbon alloys by both Greninger® 
and Digges,* and as measured for commercial 
carbon steels by Greninger,® is consequently a 
matter of some concern; Nehrenberg, in Fig. 19 
and discussion relating thereto, has emphasized 
this discrepancy. In developing our empirical 
formula, we chose to use the data for pure iron- 
carbon alloys, since it comprised measurements 
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by independent investigators and, accord- 
ingly, would likely be the more reliable; Payson 
and Savage (and subsequently Nehrenberg) 
used the data for commercial carbon steels as a 
basis for their formulas. Much of the difference 
between their formulas and ours arises from 
this source, for not only the constant of the 
formulas and the carbon factor but also the 
factors for all other elements are affected. At 
present, there would seem to be no way of 
determining which of these two sets of data 
more accurately portrays the effect of carbon on 
Mss in steel in general; it is possible that the 
experimental measurements are equally ac- 
curate in either case, but indicate a slightly 
different effect of carbon because the carbon 
steels (but not the pure iron-carbon alloys) 
contained some minor element whose effect on 
Msg may account for the difference. 


designed. In order that an empirical formula 
such as either of these may apply with accuracy 
to all steel compositions, two conditions must 
be met: (1) over the entire composition range 
there must be a linear relationship between Ms 
and the percentage by weight of each element, 
and (2) the effect of individual elements on 
Ms must likewise be additive. It would indeed 
be a fortuitous circumstance if condition 1 were 
universally true, since there is nothing funda- 
mental about weight per cent, as there might 
be, for example, if this relationship were 
claimed for atomic per cent. Condition 2 seems 
to apply, at least approximately, but thus far 
only enough measurements of Mg have been 
made to test its validity over a limited range of 
composition. On the other hand, there is evi- 
dence that condition 1 does not apply to car- 


-- bon, the most important of the elements in 


TABLE 6.—Composition and Ms Temperatures for a Series of Carbon Steels 











Composition, Per Cent Manganese? 7 

Measured Correction Corrected to 

ss Ms °F. (70 X % Mn), | om Mn, Deg. F. 

Cc Mn P Ss Si Ni Cr Deg. F. 

0.63% | 0.87 | 0.023 | 0.018 | 0.22 | 0.02 | 0.04 525 60 585 
0.76 0.42 | 0.018 | 0.031 | 0.21 495 30 525 
0.87 0.25 | 0.022 | 0.013 | 0.22 | 0.00 | 0.04 435 20 455 
0.89% | 0.29 0.15 oO. 420 20 440 
0.90 0.29 | 0.013 | 0.013 | 0.16 0.08 430 20 450 
0.96 0.29 | 0.017 | 0.012 | 0.14 | 0.04 | 0.03 395 20 415 
1.09 0.23 | 0.012 | 0.010 | 0.08 | 0.03 | o. 355 Is 370 
1.24 0.33 | 0.029 | 0.030 | 0.26 | 0.06 | 0.06 290 25 315 
1.51 0.34 | 0.009 | 0.035 | 0.19 ais, 25 240 
































* Data taken from Table 3 of the paper. 


+ To nearest 5°F. 


In his comprehensive discussion, Nehren- 
berg cites data (Table 5) as evidence that the 
revised Payson and Savage formula affords 
greater accuracy than the formula presented 
in the paper; the latter, however, was specif- 
ically designed for a specified range in carbon, 
chromium and molybdenum, and if we exclude 
from Table 5 the steels that lie outside this 
range of composition our formula is fully as 
accurate as the revised Payson and Savage 
formula. We do not agree with Nehrenberg's 
contention that the greater accuracy of Msg for 
the high-carbon, high-chromium steels cal- 
culated by the revised Payson and Savage 
formula constitutes evidence that this formula 
must also be more accurate than ours when 
applied to steels of composition in the limited 
range for which our formula was specifically 


steel with respect to effect on Mg. Greninger® 
found that in pure iron-carbon alloys the rela- 
tionship between Ms and the percentage by 
weight of carbon was not linear for alloys con- 
taining more than about 0.85 per cent carbon; 
this was the principal reason for limiting ap- 
plication of our empirical formula to steel 
containing less than 0.85 per cent carbon. 

Recently, we have measured Mg for a series 
of commercial steels, using the metallographic 
technique. Pertinent data are listed in Table 6 
and the results, after correcting all steels in 
the series to o per cent manganese, are pre- 
sented graphically in Fig. 20. These measure- 
ments indicate that Nehrenberg was not justi- 
fied in extrapolating the straight lines in his 
Fig. 20 beyond about 0.9 per cent carbon, and 
consequently that the revised Payson and 
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Savage formula probably will not always apply 
with accuracy to steel containing more than 
this percentage of carbon. The fact that this 
formula applied so well to the steels in Nehren- 
berg’s Table 5, which contained 1 to 1.3 per 
cent carbon, is possibly due to a compensating 
effect of incorrect factors for other elements. 

With lower carbon, measurement of Mg 
becomes increasingly difficult; consequently, 
there are very few measured Ms temperatures 
for steels containing less than o.2 per cent car- 
bon. The effect of carbon in the range o to 0.2 
per cent must therefore remain in question for 
the present; in view of the nonlinear effect of 
carbon in high-carbon steels, the line showing 
relationship of Ms to carbon content probably 
cannot be safely extrapolated to o per cent 
carbon. While the revised Payson and Savage 
formula applied with greater accuracy than 
ours to the two low-carbon steels in Nehren- 
berg’s Table 6, the measurement of Ms in these 
cases is not claimed to be accurate.?° 

The correct factors for each of the elements 
other than carbon in the empirical formulas 
for computing Ms is also a matter of some 
doubt at present, particularly the factor for 
chromium and for molybdenum. There is little 
to be gained by discussion of these factors on 


2° Discussion of ref. 18. Trans. A.I.M.E. 


(1945) 162, 622-626. 
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the basis of the existing data; more measure- 
ments are needed. 

For each steel whose Ms has been measured, 
either by ourselves or by others, we have com- 
pared Ms as computed by the revised Payson 
and Savage formula with that computed by 
the formula presented in the paper; for com- 
mercial carbon or low-alloy steels containing 
0.3 to 0.85 per cent carbon, the agreement be- 
tween computed and measured value is gener- 
ally satisfactory; so much so, in fact, that one 
might logically question the measurement when 
a measured value disagrees with either formula 
by more than 25°F. Furthermore, despite con- 
siderable difference in the factors in the two 
empirical formulas, the agreement in computed 
Ms is surprisingly good. Consequently, we 
believe that either or both formulas can be 
used to good advantage. There is, however, 
reason to believe that when more data become 
available a new improved formula can be 
developed, but even if the factors in such a 
formula are precisely evaluated, some error 
must be expected because of segregation in 
most commercial steels. For reasons discussed, 
any single empirical formula based on a linear 
relationship between Ms and percentage by 
weight of each element will necessarily be lim- 
ited to a certain range of steel composition, we 
believe. 











nae 
) 

















Hardenability Effects in Relation to the Percentage of Martensite 


By J. M. Hopcre,* MemBeEr A.I.M.E. AND M. A. OREHOSKIT 


THE relationship between hardenability 
based on a 50 per cent martensite criterion, 
and that based on higher percentages of 


Manuscript received at the office of the 
Institute Dec. 1, 1945. Issued as T.P. 1994 in 


METALS TECHNOLOGY, April 1946. 


* Development Engineer, Steel Heat Treat- 


ment, Carnegie Illinois Steel 


Pittsburgh, Pennsylvania. 
+ Metallurgist, Duquesne Works, Carnegie- 


Illinois Steel Corporation, Pennsylvania. 


Corporation, 


(Chicago Meeting, February 1946) 


martensite in a number of low-alloy steels 
was discussed in a previous paper by the 
authors.! It was found that the differences 
between the hardenability values based 
on the so per cent martensite and full 
martensite criterions increased as -the 
hardenability increased and that, in the 
steels of higher hardenability, these differ- 





1 References are at the end of the paper. 


TABLE 1.—Chemical Analysis of Specimens 





Composition, Per Cent 







































































Heat No. Specimen EER iy Vacate Tate 
No. 
Cc Mn P S Si Ni Cr Mo 
| ' 
Manganese Series 
ee 
920 E1096 0.40 0.22 0.006 | 0.033 | 0.21 | 0.04 | 1.03 0.01 
917 E197 0.40 0.35 0.008 | 0.032 | 0.21 0.04 | 1.03 0.01 
876 E65 0.39 0.65 0.011 | 0.030 | 0.24 0.03 0.98 0.01 
928 E198 0.42 0.81 0.015 0.027 0.23 | 0.062 0.98 | 0O.OI 
929 E199 0.43 1.02 0.018 0.028 0.19 0.03 | 1.00 0.02 
924 E200 0.42 1.32 0.018 0.031 | 0.25 | 0.02 |} 1,08 0.02 
925 E201 0.42 1.57 0.018 0.028 | 0.25 0.02 | 1.03 0.01 
Silicon Series 
: fe — ‘iat 
959 E810 0.37 0.58 0.007 0.030 | 0.06 0.02 1.01 | 0.01 
950 E804 0.41 0.65 0.016 0.030 0.12 | 0O.or 1.01 | 0.01 
876 E65 0.39 0.65 0.011 0.030 0.24 0.03 0.98 0.01 
952 E805 0.40 0.65 0.017 | 0.026 | 0.41 | 0.03 0.99 0.01 
Nickel Series 
r . a aS : 
938 E308 0.39 0.65 0.017 0.028 0.21 0.03 | 0.04 0.19 
939 E309 0.40 0.62 0.016 0.027 | 0.24 0.54 0.02 | 0.19 
940 E310 0.38 0.59 0.017 0.029 | 0.17 1.03 0.04 | 0.19 
941 E311 0.41 0.62 0.016 0.028 | 0.21 2.04 0.04 0.18 
942 E312 0.40 0.65 0.016 0.027 | 0.22 3.01 | 0.04 0.18 
932 E302 0.39 0.62 0.016 Q.027 0.22 3.99 0.03 0.18 
Molybdenum Series 
| oe Pe ee ee 
gor Eso 0.40 0.57 0.016 0.026 0.19 3.49 0.05 | 0.01 
902 Es1r 0.41 0.60 0.016 0.027 0.22 - ey | 0.04 | 0.21 
903 E52 0.42 0.64 0.015 0.027 0.22 3.50 0.04 0.50 
904 E53 0.39 0.56 0.015 0.029 | 0.20 3.53 | 0.03 0.74 
Carbon Series 
asc enreie— 
887 E81 0.09 0.60 0.014 0.034 0.21 3-46 | 0.03 0.21 
906 E82 0.22 0.61 0.018 0.025 | 0.21 3.45 0.04 0.20 
907 E83 0.33 0.67 0.015 0.025 | 0.23 3.49 0.04 0.20 
902 Est 0.41 0.60 0.016 0.027 | 0.22 | 3.51 0.04 0.21 
909 E85 0.51 0.60 0.016 0.028 | 0.21 | 3.47 0.05 0.22 
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Fic. 1.—REVISED CURVE FOR CONVERSION OF JOMINY DISTANCE TO IDEAL DIAMETER. 


TABLE 2.—Distances from Quenched End and Corresponding D,; Values 

















99.9 Per Cent 95 Per Cent 50 Per Cent 
Martensite Martensite Martensite 
’ : Percentage 
Specimen No. Alloy ei oe ay SE hee eee 

Distance Dr Distance D1 Distance D1 

= ee — = 
E196 0.22 Mn 0.110 0.80 0.200 1.45 0.325 2.25 
E197 0.35 Mn 0.13 0.95 0.215 1.55 0.330 2.30 
E65 0.65 Mn 0.135 1.00 0.250 1.80 0.410 2.60 
E198 0.81 Mn 0.145 1.05 0.280 2.00 0.485 2.95 
E199 1.02 Mn 0.190 1.40 0.440 2.75 0.9 4.25 
E200 1.32 Mn 0.23 1.65 0.630 3.45 i. $3 5.70 
E201 1.57 Mn 0.255 1.85 0.780 3.95 1.95 6.45 
E810 0.06 Si 0.115 0.85 0.180 ‘3 0.285 2.05 
E804 0.12 Si 0.12 0.90 0.18 ca 0.300 2.15 
E65 0.24 Si 0.135 1.00 0.250 5.7 0.410 2.60 
E805 0.41 Si 0.150 I.10 0.260 I.90 0.490 2.95 
E308 0.03 Ni 0.080 0.60 0.145 1.05 0.210 1.50 
E309 0.54 Ni 0.085 0.65 0.170 1.25 0.245 1.75 
E310 1.03 Ni 0.085 0.65 0.155 1.15 0.230 1 1.65 
E311 2.04 Ni 0.115 0.85 0.240 1.70 0.360 2 40 
E312 3.01 Ni 0.155 a7ag 0.340 2.35 0.650 3.50 
Es1 3.50 Ni 0.185 1.35 0.57 3.25 1.09 4.75 
E302 3.99 Ni 0.220 1.60 0.62 3.40 1.60 5.8 
Eso 0.01 Mo ). 100 0.75 0.220 1.6 0.390 2.55 
Es1 0.21 Mo 0.185 2 0.57 3.25 1.09 4.75 

Es2 0.50 Mo ».600 3.35 
Es3 0.74 Mo 1.165 4.95 

E81 0.09 C 0.125 0.90 0.25 1.70 
E82 0.22C ».135 1.00 0.275 2.00 0.49 2.95 
E83 0.33 C 0.155 1.15 0.400 2.60 0.815 4.05 
Esi 0.41 C 0.185 1.35 0.570 3.25 1.09 4.75 
E85 0.51 C 0.280 2.00 0.700 3-70 1.46 5.55 
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Fic. 2.—HARDENABILITY VALUES AND FACTORS FOR THE MANGANESE SERIES. 
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TABLE 3.—Average Values for Base Carbon Hardenability and Alloy Factors 















































ie , Constituents 
7 it Percentage M : 
H of Alloy Martensite 
ites Mn Si. Ni Mo Cc 
ah 99.9 % os% | 50% 
i 
4 0.1 1.02 1.05 1.5 0.1 0.05 0.135 0.23 
bd 0.2 1.05 1.15 1.95 0.12 0.06 0.15 0.26 
Bia 0.3 1.08 1.25 2.8 0.14 0.07 0.17 0.29 
wie 0.4 £.2 1.5 * 0.16 0.085 0.19 0.31 
0.5 1.13 1.05 4.8 0.18 0.005 0.21 0.335 
‘ 0.6 1.15 0.20 0.105 0.23 0.36 
i 0.7 1.22 0.22 0.115 SS. a oa 
: 0.8 1.3 I.I Oe 0.13 6.37 | @.5 
: 0.9 1.5 0.2 0.14 0.29 | 0.44 
1.0 1.7 Pe 0.28 0.15 0.31 0.47 
2.3% 1.92 0.30 0.16 | 0.325 | 0.49 
ae 1.2 2.15 0.32 | 0.17 | 0-34 ae 
Bi, 1.3 2.35 1.2 0.34 0.175 | 90.36 | 0.535 
ae 1.4 * = 0.185 | 0.38 0.565 : 
Ph 1.5 2. 1.35 0.3 0.19 0.40 0.58 
ie 2.00 s.6 0.40 0.20 0.42 0.61 
2:8 1.85 0.42 i 0.21 0.44 0.63 
j 3.0 2.25 0.44 | 0.215 0.455 0.655 
he 3.5 2.9 0.46 0.22 0.47 0.68 
i 4.0 3.85 0.48 0.23 0.49 0.71 . 
pi 0.50 0.24 0.50 0.73 
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ences were fairly large. Furthermore, it 
was found that these relationships could 
be expressed with reasonable accuracy as 
a function of the hardenability. The impor- 


EXPERIMENTAL PROCEDURE 
_Induction-furnace heats weighing 17-lb., 
of the compositions given in Table 1, 
were cast and forged into 114-in. round 
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Fic. 3.—HARDENABILITY VALUES AND FACTORS FOR THE SILICON SERIES. 


tance of the full martensite criterion of 
hardenability in relation to the attainment 
of the optimum mechanical properties of 
tempered martensite was emphasized in 
the earlier paper. 

The purpose of the present work is to 
study the effects of some of the individual 
alloying elements on hardenability, using 
three different percentages of martensite 
as criteria, and thereby to evaluate the 
role of these individual elements in the 
general hardenability relationships pre- 
viously reported. 


bars. All heats were killed with aluminum 
additions corresponding to 1 lb. per ton. 
The compositions were chosen to represent 
several series of steels, in which only one 
alloying element would vary and in which 
the nonmartensitic constituents on quench- 
ing would be predominantly bainitic. 

All bars were normalized from 1650°F. 
and tempered one hour at 1150°F. prior to 
the hardenability determinations. 

Hardenability values are based on 
metallographic examination of standard 
Jominy bars, quenched from 1600°F. (1 hr. 
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and 20 min. heating time). The general 
procedure was the same as outlined in 
detail in the previous paper; (1) that is, 
the distance from the quenched end of the 


ideal diameter is based on a revised 
correlation curve (Fig. 1). This curve 
is based on work carried out at the Re- 
search Department of the South Chicago 
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Fic. 4.—HARDENABILITY VALUES AND 


bar to the point of o.1 per cent transforma- 
tion was first measured on the microscope 
and then the percentage of martensite was 
estimated at every 0.05 in. from the 
quenched end, and these percentage values 
plotted against the distance along the bar. 
In this case, samples 2 in. long were cut 
from the quenched end of the Jominy 
bars and to fields were examined and 
averaged at each distance. 

The conversion of Jominy distance to 


FACTORS FOR THE NICKEL SERIES. 


Works, Carnegie-Illinois Steel Corpora- 
tion, and represents a direct correlation 
between hardenability values as deter- 
mined on cylinder series and end-quench 
tests from the same material. At a distance 
beyond o.3 in. from the quenched end, 
the conversion is the same as previously 
published? but D; values corresponding to 
distances closer to the quenched end were 
found to be lower than the previously pub- 
lished curve would indicate. 
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EXPERIMENTAL RESULTS 
The Jominy distances and the corre- 
sponding hardenability values for the 
steels studied, on the basis of 99.9, 95 and 


were observed in the martensitic portion 
near the quenched ends of most of the 
samples. The grain size was 8 to 9g for all 
samples. 
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Fic. 5.—HARDENABILITY VALUES AND FACTORS FOR THE MOLYBDENUM SERIES. 


50 per cent martensite, are tabulated in 
Table 2. 


against alloy or carbon content in the upper 


These values are shown plotted 
portions of Figs. 2, 3, 4, 5 and 7 


MICROSTRUCTURES 


The nonmartensitic constituent was 
bainitic in every case at the 99.9 and 95 
per cent martensite points. However, in 
some of the steels of lower alloy content, 
small amounts of pearlite were noted in the 


50 per cent martensite structures. 


Small amounts of undissolved carbides 


DISCUSSION OF RESULTS 


The hardenability factors for Mn, Si, 
Ni and Mo are plotted in the lower parts 
of Figs. 2, 3, 4 and 5. These were derived 
by extrapolating the hardenability curves 
to zero alloy and dividing the hardenability 
values by the intercept value. 

The curves for the hardenability factor, 
which express the manner in which harden- 
ability changes with alloy content, are all 
very nearly coincidental for the 50 and 
95 per cent martensite criteria, while there 
is some tendency for the curves for 99.9 
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plotted in Fig. 6, and these average values 
have been listed in Table 3. 

It should be noted that, since undissolved 
carbides were present in these steels as 


per cent martensite to indicate somewhat 
lower hardenability effects. It is felt that 
this latter observation is largely a reflec- 
tion of the fact that the 99.9 per cent 
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Fic. 6.—AVERAGE HARDENABILITY FACTORS FOR MANGANESE, SILICON, NICKEL AND MOYLBDENUM. 


martensite values represent the lowest 
hardenability point on the sample exam- 
ined, and not average values, as do the 
95 and so per cent martensite points. 
Therefore, this deviation of the 99.9 per 
cent martensite values may well represent 
only the increased microsegregation asso- 
ciated with the higher alloy contents. 
However, even this discrepancy is not large 
and the results indicate strongly that the 
hardenability effects of these alloying ele- 
ments are the same whether the criterion 
is 50 per cent martensite or higher per- 
centages of martensite. Therefore, average 
lines representing these effects have been 


quenched, the curves for the hardenability 
factor presented here do not represent the 
full hardenability effects of these alloys. 
They will, however, represent the effects 
associated with commercial austenitiza- 
tion of similar steels at 1600°F. 

If we accept the multiplying factor 
hypothesis of Grossmann, this means that 
the relationship between the hardenability 
values on the basis of the different criteria 
in respect to the percentage of martensite 
becomes a function of the base harden- 
ability of the pure iron-carbon alloys in 
terms of these criteria. Such hardenability 
values for iron-carbon alloys on the basis 
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of 50, 95 and 99.9 per cent martensite are 
shown plotted in the lower part of Fig. 7. 
These were derived by dividing the actual 
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These carbon values are also tabulated in 
Table 3. It might be noted that these car- 
bon values on the so per cent martensite 
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Fic. 7.—HARDENABILITY VALUES FOR THE CARBON SERIES AND DERIVED VALUES FOR IRON-CARBON 
ALLOYS. 


s 
hardenability values by the product of the 


average factors for Mn, Si, Ni and Mo for 
the base composition as follows: 


BASE 
CompPo- 
SITION Ma Si Ni Me Propuct 
0.60 0.20 3.50 20 
Factor.... 1.15 1.15 2.9 1.95 7.5 


These curves, therefore, represent the 
hardenability of iron-carbon alloys, for 
the grain size of 8 to 9, which was charac- 
teristic of the steels studied, on the basis 
of essentially full martensite, 95 per cent 
martensite and so per cent martensite. ° 


basis are very similar to those recently 
reported by Kramer, Siegel and Brooks.* 

This hypothesis, that the hardenability 
effects of the alloys may be represented by 
a single factor curve for 50, 95 or 99.9 per 
cent martensite, can be further checked and 
illustrated by a comparison of the meas- 
ured hardenability values of the steels in 
this paper with values calculated by 
multiplying the base carbon values by the 
alloy factors. 

However, in order to do this for the 
steels studied, it will be necessary to 
evaluate the hardenability effect of 1 per 
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cent chromium. This can be done by divid- 
ing the hardenability of steel E65 by the 
product of the factors for carbon, mangan- 
ese and silicon. This indicates a factor of 
3.1 for 1 per cent chromium in these steels. 


assumption may be applied to chromium 
as well as to the other elements studied. 

However, it should be pointed out that, 
since these calculations have been applied 
only to the steels that have been used to 
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Fic. 8.—CORRELATION BETWEEN CALCULATED AND OBSERVED HARDENABILITY VALUES. 


The comparison of these calculated and 
actual hardenability values is shown in Fig. 
8. The correlation is in general very good. 
The maximum deviation is less than 10 
per cent, and this occurs in the steels of the 
highest alloy content, in which it is prob- 
able that carbide solution was less complete 
and in which segregation would be most 
pronounced. 

This correlation indicates that no signi- 
ficant error will be introduced by the 
assumption of identical hardenability eff- 
fects, regardless of whether the criterion 
is full martensite or 50 per cent martensite. 
Furthermore, since a single value for 
chromium was used in these calculations, 
it furnishes a strong indication that this 


develop the factors, this correlation does 
not necessarily imply that these factors 
themselves are correct for other alloy 
combinations. , 


SUMMARY 


The effects of manganese, silicon, nickel 
and molybdenum on hardenability, in 
terms of 99.9, 95 and 50 per cent marten- 
site, have been studied by means of metallo- 
graphic examination of end-quench tests 
from several series of steels with only one 
alloy variable. It has been found that the 
hardenability effects of the alloying ele- 
ments are essentially the same on the basis 
of the three criteria studied, 99.9, 95 and 
50 per cent martensite. 











DISCUSSION 


A set of curves depicting the harden- 
abilities of iron-carbon alloys on the basis 
of the 99.9, 95 and so per cent martensite 
criteria has been derived from a study of a 
series of nickel-molybdenum steels in which 
carbon was the only variable. 

It is proposed that the relationship be- 
tween full martensite hardenability and 50 
per cent martensite hardenability is a func- 
tion only of the base hardenability of the 
iron-carbon alloy. 
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3 DISCUSSION 
(Walter Crafts presiding) 
M. A. GrossMANN.*—One of the great 


services rendered by this paper is the demon- 
stration that the hardenability factors for full 
hardening are substantially the same as those 
for half hardening employed hitherto. In view 
of the nature of their findings, would the 
authors agree that probably this will hold for 
other alloying elements as well, in addition to 
those actually investigated here? 

These findings emphasize the importance of 
their data on the base hardenability due to 
carbon alone, at different percentages of mar- 
tensite (different extents of hardening), as 
given in their Table 3. Incidentally, it should 
not be overlooked that they show higher values 
for the carbon effect, and correspondingly lower 
for the manganese effect, than those that have 
been in use for some time, although the. product 
carbon times manganese is about the same as 
the product in use up to now. (As they state, 
these new data are of an order of magnitude 
similar to recent data of Kramer, Siegel and 
Brooks.) Would the authors agree that a word 
of caution is in order here; namely, that their 


* Director of Research, Carnegie-Illinois 
Steel Corporation, Chicago, Illinois. 


511 
new high values for carbon must net be used 
in connection with the former high values for 
manganese? Such a step would be misleading, 
the proper procedure being the use of their new 
factors throughout. 

Would the authors care to comment on the 
fact that their molybdenum factors are some- 
what higher than commonly reported? 


J. A. Hopce and M. A. OrEHOsKI (authors' 
reply).—In reply to Dr. Grossmann’s discus- 
sion, we feel that the assumption we have made 
on the basis of our findings, that the effects of 
the alloying elements on hardenability are 
essentially independent of the percentage of 
martensite used as a criterion, is indeed a gen- 
eralization, and that it will apply to other 
alloying elements as well as those studied. In 
this connection, we might mention that further 
studies on a series of steels containing chrom- 
ium in which molybdenum was varied have 
likewise indicated essential coincidence among 
the hardenability factors based on these three 
criteria. 

We have no particular comment on the fact 
that the molybdenum factors seem high except 
to mention that they correspond roughly to the 
probable maximum factor mentioned in the 
paper by Kramer, Siegel and Brooks. 

As Dr. Grossmann points out, it is of course 
extremely important that these higher carbon 
values be used only with the corresponding 
alloy factors, and this will apply particularly 
to the manganese factors, which are much 
lower than those previously reported. 


W. R. Taytor.*—In considering harden- 
ability as a function of the percentage of 
martensite, no satisfactory method other than 
microexamination is normally available to the 
metallurgist. Direct hardness values such as 
those obtained by Rockwell or Vickers tests 
are not always true criteria that a desired 
percentage of martensite has been obtained in 
the hardening cycle. In applications where a 
maximum percentage of martensite is required, 
it should be brought forth that the metallurgist 
should depend on microinspection rather than 
on hardness tests for evaluation of the degree 
of martensitic transformation that has occurred 
in hardening. 


*Armour Research Foundation, Chicago, 
Illinois. 
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I. R. Kramer.*-—Messrs. Hodge and Ore- 
hoski have brought forth some very interesting 
information on the effect of alloying elements 
on the hardenability of steel. They have 
pointed out that the hardenability factor curve 
for carbon is very similar to that obtained by 
Kramer, Siegel, and Brooks, for steels in which 
pearlite tends to limit the hardenability. The 
similarity in the factor curves does not stop 
there, for it may be noted that the manganese 
curves are also very similar. In fact, when the 
hardenability of the steels presented here are 
calculated with the factors we had derived, 
agreement within +15 per cent is obtained 
between the observed and calculated values. 
Irom this it appears, for. the purpose of calcu- 
lating the hardenability, that it makes little 
difference whether pearlite or bainite tends to 
limit the hardenability. 


J. M. Honce (author’s reply).—In reply to 
Mr. Taylor, we feel very strongly that harden- 
ability criteria should be in terms of a specific 
microstructure and that hardness criteria, if 
they have any advantages, have only the ad- 
vantage of convenience. 

In reply to Mr. Kramer, I might say that 
these results as presented are in a way a by- 
product of what we started to study. We began 
to study hardenability effects in steels in which 
the nonmartensitic products would be pre- 
dominantly bainitic, and thereby to evaluate 
the hardenability effects of the alloying ele- 
ments in such steels. The findings we have 
reported in regard to the relative effects of the 
elements in relation to the hardenability cri- 
terion used seemed important enough to report 


* Metallurgist, Office of Research and In- 
ventions; Washington, D. C. 


as a paper, but we are finding indications, as 
Mr. Kramer points out, that, as far as the 
experimental evidence goes, the differences be- 
tween the hardenability effects of the elements 
in these cases in which the nonmartensitic 
products are bainitic and those reported by 
other experimenters in which the nonmarten- 
sitic products would be expected to be pearlitic 
are not nearly as large as might be predicted 
from isothermal! transformation studies. 

The uncertainties involved in measuring 
hardenability leave a great dea] of the work on 
the hardenability factor that has been done to 
date, including that reported in this paper, 
decidedly open to question. The published work 
includes hardenability values based on 50 per 
cent martensite measured metallographically, 
measured by a critical hardness value, or 
measured by an inflection point, and the 
correlation between these methods is far from 
precise and certainly leaves many of the 
evaluations open to question. Furthermore, if 
a cylinder series method is used for this evalua- 
tion, the results are completely dependent upon 
an accurate evaluation of the H-value of* the 
quench, which may be very difficult; or, if 
end-quench methods are used, the evaluation 
is dependent upon the correlation between 
end-quench distance and ideal diameter, which 
has not been definitely and accurately estab- 
lished, although we feel that the correlation 
curve we have used in this paper is closer to 
the truth than the previously published correla- 
tion. Therefore, in general, I feel very strongly 
that a great deal more work must be carried 
out before we can say with any confidence that 
hardenability-factor values are accurate and 
actually represent quantitatively the effects.of 
the elements of hardenability. 




















Equilibrium Relations in Medium-alloy Steels* 


By CLARENCE ZENER,{ JuNIOR MEMBER A.I.M.E. 
(New York Meeting, October 1945) 


THE heat-treatment of steels will not 
pass from the stage of an art into that of 
a science until the mechanism of the phase 
transformations associated therewith is 
thoroughly understood. Such an under- 
standing will involve two distinct types 
of inquiry: (1) the direction of the trans- 
formation, (2) the speed of the transforma- 
tion. The first type of inquiry, which 
involves only the equilibrium relations 
between the various phases in steel, is the 
subject of the present and of a succeeding 
article; the second type, which involves the 
kinetics of transformations, will be the 
subject of a later article. 

In order that a theory of equilibrium 
relations may give useful information, 
certain experimental data must be put 
into the theory. It is customary for these 
data to be of a thermal nature. In the 
system discussed herein—steel—such ther- 
mal data are very scarce. In medium-alloy 
steels another type of data might possibly 
be used. In these steels the concentration 
of solute is so low that it may be possible 
to use the approximation of dilute solu- 
tions, an approximation that leads to 
linear relationships. The unknown func- 
tions, or constants, may then be deter- 
mined in some cases from the binary iron- 
alloy system and in other cases from the 
ternary iron-carbon-alloy system. From 





* The statements or opinions expressed in 
this article are to be considered those of the 
author, and do not necessarily express those 
of the Ordnance Department. Manuscript 
received at the office of the Institute Nov. 24, 
1944. Listed for New York Meeting, February 
1945, which was canceled. Issued as T.P. 1856 
in METALS TECHNOLOGY, January 1946. 

+ Senior Physicist, Watertown Arsenal, 
Watertown, Mass. (On leave, Professor of 
Physics, Washington State College.) 


the functions, or constants, so determined 
may then be computed the equilibrium 
relations in more complex medium-alloy 
steels. In the present article this second 
approach is used, the necessary experi- 
mental data being obtained from the 
simple binary and ternary equilibrium 
diagrams. 


FUNDAMENTAL EQUATIONS 


In this article are derived the equilibrium 
relations between the gamma, alpha and 
cementite phases. In these three phases all 
important alloying elements except carbon 
form substitutional solutions, each alloying 
atom occupying a potential site for an iron 
atom. Carbon, on the other hand, forms 
an interstitial solution. In the face-centered 
cubic gamma phase, the interstitial posi- 
tions are at the center of the unit cube and 
at the centers of the cube edges. There are 
therefore four interstitial positions per 
unit cell, or one per iron atom. In the body- 
centered cubic alpha phase, the interstitial 
positions are probably at the face centers, 
and also at the centers of the edges, which 
are crystallographically equivalent to the 
face centers. There are therefore six inter- 
stitial positions per unit cube, or three 
per iron atom. In cementite, (Fe, Alloy)sC, 
the carbon atoms may be regarded as filling 
all the lattice positions of a given type. 

The introduction of the fundamental 
equations of equilibrium has presented the 
author with a quandary. These equations 
are formally so similar to other equations 
that have been derived’? for related sys- 
tems that they may appear to some readers 


1 References are at the end of the paper. 
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to require no proof. In deference to such 
readers, the equations are introduced in 
the text without proof. On the other hand, 
since the equilibrium equations have not 


iron and substitutional alloys. It is equal 
to 3 for alloying elements occupying inter- 
stitial positions, such as carbon. The quan- 
tity AG; is associated with the transfer of 
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Fic. 1.—CHANGE IN FREE ENERGY ASSOCIATED WITH ISOTHERMAL TRANSFER OF ONE MOL OF IRON 
FROM ALPHA TO GAMMA PHASE—COMPLETE TEMPERATURE RANGE. 


previously been deduced for this system, 
their derivation is presented in an appendix. 


Alpha-gamma Equilibrium 


The following equations describe com- 
pletely the equilibrium relations between 
the alpha and gamma phases in medium- 
alloy steels when the concentration of 
alloys is sufficiently small to permit the 
assumption of a dilute solution: 


(Cj°/C;7) = Byedovet 


j=maa->: [x] 


In these equations subscripts refer to a 
particular constituent. C; refers to mol 
fractions. The weight factor 8; is unity 
for atoms occupying lattice sites; i.e., for 


one mol of the indicated element from the 
alpha to the gamma phase, but has a quite 
different significance for the solvent iron 
than for the solute elements. For iron, this 
quantity refers to the change in free energy 
accompanying the transfer of one mol of 
iron from the alpha to the gamma phase 
in the absence of all alloying elements. This 
change in free energy is computed from 
thermal data in appendix A, and is given 
in Table A-1 of that appendix. For the 
alloying elements, the quantity AG;, when 
independent of temperature, represents 
the heat absorbed when one mol of the 
indicated element is transferred from the 
alpha to the gamma phase. In the general 
case, where AG; varies with temperature, 
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it can be assigned no simple physical inter- 
pretation. Such an interpretation, how- 
ever, would not add to the usefulness of 
the equilibrium equations. 


Alpha and Gamma-cementite Equilibria 


In the system at present under con- 
sideration two different types of phase are 
in equilibrium, In both, the iron and sub- 
stitutional alloy atoms are randomly dis- 
tributed on the iron lattice positions. The 
carbon atoms, however, are distributed at 
random in interstitial positions in one 
phase (alpha or gamma), while they 
occupy fixed positions in the other phase 
(cementite). 

The fundamental equations of the sys- 
tem under consideration are 


B(C;’)®/C.(Cj)* = eAGie/RT 
j= ma@*,?* [2] 


Here j refers to iron or to a substitutional 
alloying element. C indicates mol fractions 
of the indicated elements in the alpha or 
gamma phase. C’ represents the mol frac- 
tions in the cementite computed without 
considering the carbon. Thus if half the 
iron of cementite has been replaced by 
chromium, Co,’ = 14. The weight factor B 
is unity in the gamma-cementite system, 
3 in the alpha-cementite system. The 
derivative of (AG;*/T) with respect to 1/ 
gives the heat absorbed when one mol of 
the complex (3 atoms of type j, 1 carbon 
atom) is transferred from cementite to 
the second phase. Therefore AG;*, when 
independent of temperature, represents a 
heat of solution. 


ALPHA-GAMMA EQUILIBRIUM 


In the analysis of the equilibrium rela- 
tions between the alpha and gamma phases, 
it is convenient to rewrite in another form 
the equation in the set Eq. 1 that corre- 
sponds to iron. In medium-alloy steels 
both Cy," and Cy," are very nearly unity. 
One is justified therefore in neglecting the 
squares of (1 — Cy,”) and of (1 — Cy,°) 
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compared with unity. The use of this 
approximation gives 

In (Cre"/Cre’) - 24'(C;" ‘ci C;*) 


where the primed summation sign denotes 
a summation over all elements except iron. 
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Fic. 2.—CHANGE IN FREE ENERGY ASSOCI- 
ATED WITH ISOTHERMAL TRANSFER OF ONE MOL 
OF IRON FROM ALPHA TO GAMMA PHASE—TEM- 
PERATURE INTERVAL BETWEEN CRITICAL TEM- 
PERATURES. 























Taking the logarithm of Eq. 1 withj = Fe, 
gives 


2j'(C;" — Cj*) = AGr./RT (3] 


The right member of this equation is 
evaluated in Appendix A and is plotted 
as Figs. 1 and 2. 


Binary Systems 


In the binary iron-alloy system, Eqs. 1 
and 3 give two equations for the two un- 
known concentrations of the alloying 
element in the alpha and gamma phase, 
Ca and C,°, respectively. These equations 
are 


Cs" = Ci = AGr,/ RT [4] 
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and 


Ca*/Ca” = e444/RT (substitutional alloys) 
[s] 

Ca*/Ca™ = 3494/87 (interstitial alloys— 
carbon) [6] 


Fig. 1 shows that AG», is positive only 
below the lower transformation temper- 
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iron-alloy phases. In all of the binary alloy 
systems of iron with Ti, Sn, P, V, W, Mo, 
Al, Si and Cr except the last the genera! 
form of the gamma phase boundary is as 
shown in illustration a of Fig. 3. The anom- 
alous shape of the closed gamma phase in 
the iron-chromium system indicates that in 
this system the assumption of a dilute solu- 
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FiG. 3.—SCHEMATIC SOLUTION OF EQUATIONS 4 AND 5 FOR BINARY IRON-ALLOY SYSTEMS. Two- 
PHASE REGIONSJARE SHADED. 


ature 910°C. and above the upper trans- 
formation temperature 1400°C. Eqs. 4 and 
5 show that the mol fractions C4* and C4” 
are positive in these temperature regions 
only if AG, is negative. Conversely, these 
equations show that these mol fractions are 
positive in the temperature interval 910° 
to 1400°C. only when AG, is positive. This 
effect of the sign of AG, in determining the 
type of equilibrium diagram is illustrated 
in Fig. 3, in which are presented schematic 
solutions of Eqs. 4 and 5. The case of a 
positive AG,, shown as illustration a of 
this figure, corresponds to a closed gamma 
phase. The case of a negative AG,, shown 
as illustration 5, corresponds to an open 
gamma phase. 

Closed Gamma Phase.—Many examples 


-of closed gamma phases occur in binary 


tion is invalid beyond several per cent of 
chromium. 

From Fig. 2 it may be seen that the 
maximum extent of the gamma phase is in 
the vicinity of 1150°C. From the value of 
this maximum extent, the value of AG, 
may be computed at 1150°C. from Eqs. 4 
and 5. Thus from these equations can be 
obtained 


—AGy,./RT 


Ca* ~ I- B-'e-AGa/RT (7] 





with 
1, substitutional alloys 
B = 3, interstitial alloys 


an equation that relates the values of C4* 
and of AG, at any one temperature. This 
relation is given in Fig. 4 for 1r50°C. The 
values of AG, obtained from the observed 
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values of C4* at 1150°C. and from this 
figure are given in Table r. 

In only a few cases are the experimental 
data sufficiently complete to allow a de- 
tailed comparison with the theoretical 
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equations 4 and 5. Examples are given in 
Figs. 5 and 6. In drawing the theoretical 
curves AG, was taken to be independent of 
temperature. 

Open Gamma Phase.—The best known 
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Fic. 4.—METHOD OF COMPUTING AG FROM OBSERVED GAMMA LOOP. 


TABLE 1.—Values of AG for Elements That 
Give a Closed Gamma Phase 





Alloy | Ti | sn| P| view 





Ca® at 1150°C. nd 
| nee |0.80%| 0.904 1.0% | 1.24] 2.08 
4Ga (cal per mol)... .| 9,000) 5,500) 4,180 2,830) 1,360 
i | i 








Alloy "| Mo] Al Be Si 





| | | 
Ca® at rrs0°C. (at. per | 
SNES Se Sl ere | 2.07 2.14| 3.14] 4.98 
AGa (cal per mol).........! 1,360| 1,300) 810 | 475 
t i | 





example of the open gamma phase is that 
in the iron-carbon system. Other examples 
are the binary alloys of iron with Cu, Zn, 
Mn, Ni and N. The general form of the 
relationship between the alpha and gamma 
phases in typical open gamma-phase sys- 
tems is represented as illustration } of 
Fig. 3. The alpha phase is separated by the 
gamma phase into a low-temperature and a 
high-temperature region. The upper tem- 
perature region is frequently referred to as 
the delta phase. 
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The value of AG, at any one temperature 
may be obtained through Eqs. 5 or 6 from 
a knowledge of C4* and C4’ at that tem- 
perature. In this manner the values of AG, 


mined boundaries with experiment is given 
in Figs. 7 and 8. While perfect agreement 
between theory and experiment exists in 
the iron-carbon system, the agreement in 








bis ee 


E 





D 
p by 
a FF 
ais 
r 
4 © 
12 o- * 7 x —— 











Ko, 





TEMPERATURE (°C) 








900 





x 
A\ 
ji 


\ 
\\ 
\ 


® 




















vl —® 


0 1 = 











S 5 


5 7 


TUNGSTEN CONCENTRATION (WT. PERCENT) 
Fic. 5.—COMPARISON OF THEORETICAL Fe-W DIAGRAM WITH EXPERIMENTAL DATA. 
(Experimental data after Sykes.*) 
©, single phase; X, double phase. 


of Table 2 have been computed. Having 
obtained these quantities, an approxima- 
tion to the boundary of the gamma phase 
in equilibrium with the alpha phase may 
be made through the solution of Eqs. 4 
and 5 or 6 for C4; namely, 


AGy./RT 


1 — Bed@a/kT [8] 





C7 = 


with 
B = 1, substitutional alloys 
~ 3, interstitial alloys 


and by regarding AG, as independent of 
temperature. Conversely, the theoretical 
boundary of the alpha phase in equilibrium 
with the gamma phase is given by Eq. 7. 
A comparison of these theoretically deter- 


the iron-manganese system is compara- 
tively poor. At present it is not possible to 
determine whether the cause of this dis- 
agreement is the experimental data, 
through the lack of equilibrium conditions, 
or the theory, through the assumption 
that AGy, is independent of manganese 
concentration, or that AGy, is independent 
of temperature. 


Ternary and Higher Order Systems 


In this section the general case will be 
considered of a medium-alloy steel with n 
types of alloying elements, including car- 
bon. One is generally interested in the iron- 
carbon diagram when the alloy content, 
other than carbon, is known for one phase, 
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usually the gamma phase. Under these 
conditions the determination of the alpha- 
gamma equilibrium will involve finding 
the concentration of m alloying elements 
on the boundary of the alpha phase, and 
of the carbon concentration on the bound- 
ary of the gamma phase. For the deter- \ 
mination of these »+ 1 unknowns the 
n + 1 equations of Eq. 1 are just sufficient. 

The solution of Eq. 1, with Eq. 3 sub- 


to produce a horizontal shift of the bound- 
aries. The amount of this shift is a linear 
function of the concentration of the alloy- 
ing elements, and the effects of the alloy- 

















stituted for that equation in which j refers — 
to carbon, gives for the mol fraction of car- 
bon on the boundary of the alpha phase 

C.* = {C.*}o + AC* [9] aa 


and for the mol fraction of carbon on the 
boundary of the gamma phase in equi- 
librium with the alpha phase 


C.” = {C.7}o + AC” [10] 





TEMPERATURE (°C) 


In these equations the first term in the 
right member refers to the mol fraction of 
carbon on the boundary when no other 
alloying elements are present; e.g., for the 
pure iron-carbon system. The second terms 
in the right members are defined by the 
following equations: Fy 2 3 

SILICON CONCENTRATION (WT. PERCENT ) 


— p~AGj/RT * 
” x te lc. [x1] Fic. 6.—COMPARISON OF THEORETICAL Fe-Si 
1 | Me F@ekT — fi 7? DIAGRAM WITH EXPERIMENTAL DATA. 
ae (Experimental data after Kruetzer.!*) 
e4Gj/RT — 1 
PE Snopes £00 4 [12] @, alpha phase; X, alpha and gamma phase; 
7 [1 — gedeerry ~? O, gamma phase. 





























AC*=2 


Z 
"3 


AC? 


The double primed summation sign denotes 
a summation over all constituents other 
than carbon and iron. 

According to Eqs. 9 and 10, the effect of 
the alloying elements upon the boundaries 
of the alpha and of the gamma phases is 


ing elements are therefore additive. The 
elements whose AG; is positive—i.e., whose 
binary iron-alloy system has a closed 
gamma loop—cause a horizontal shift to 
the right. Conversely, the elements whose 
AG; is negative—i.e., whose binary iron- 


TABLE 2.—Values of AG4 for Elements That Give an Open Gamma Phase 








Alloy Zn‘ Cu‘ Nile Mn?® N‘e Cc 
Temperature, deg. C........... 623 833 600 600 591 910 
Wt. per cent 

Is A age 25 2.3 15 13 2.35 0.83 
Ce, AES St ee 18 6 3.25 0.42 0.045 
AG, cal. per mol... ......cce0- — 590 — 1,280 — 1,600 — 2,440 — 5,360 — 8,100 























* Interstitial solution in gamma phase, substitutional solution in alpha phase. 
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alloy has an open gamma phase—cause a 
horizontal shift to the left. 
The coefficients of the alloy concentra- 


Examples of the comparison of the 
theoretical alpha-gamma equilibrium rela- 
tion for ternary systems with experimental 


tions in AC* and in AC” are only weak func- 


data are given in Fig. 10. 
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CARBON CGONCENTRATION (WT PERCENT) 
Fic. 7.—COMPARISON OF COMPUTED AND OBSERVED BOUNDARY OF GAMMA PHASE IN EQUILIBRIUM 
WITH ALPHA PHASE. 
(Observed boundary after Epstein."*) 
©, computed; X, observed. 


tions of the temperature. To a first approxi- 
mation, the horizontal shifts AC* and AC” 
may therefore be regarded as independent 
of temperature. To this approximation 
the alpha and gamma boundaries may be 
regarded as being shifted horizontally 
without a change in shape. 

The general effects of a horizontal shift 
to the right are illustrated in Fig. 9. A small 
shift reduces the extent of the gamma 
phase, as in Fig. 9b. A larger alloy con- 
centration shifts the boundary of the 
gamma phase past the axis of zero carbon 
content, as in Fig. 9c. Still larger alloy con- 
tents also shift the boundary of the alpha 
phase past the axis of zero carbon content, 
as in Fig.’ od. 


GAMMA-CEMENTITE EQUILIBRIUM 


Cementite refers to an orthorhombic 
phase that contains three lattice-type 
atoms for each carbon atom. This is the 
only carbide phase that exists in the pure 
iron-carbon system. Steels containing alloy- 
ing elements in addition to carbon usually 
also form other types of carbides in addi- 
tion to cementite. If these alloying ele- 
ments form a substitutional solution in the 
gamma phase, they may also be regarded 
as forming a substitutional solution in 
cementite and in the other carbides. Thus, 
in the iron-carbon-chromium system the 
composition of the cementite phase is 
written as (Fe, Cr)3;C, indicating that 
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chromium atoms may substitute for iron 
atoms. 

When the concentration of the alloying 
elements, other than carbon, is sufficiently 


C;’. The carbon concentration C, in the 
alpha or gamma phase may be obtained in 
terms of the concentration of the other 
alloying elements in that phase as follows: 
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Fic. 8.—COMPARISON OF COMPUTED AND OBSERVED BOUNDARIES OF ALPHA AND GAMMA PHASES 
In Fe-Nn SYSTEM. 
(Experimental boundaries after Troiano and McGuire.*) 
Solid lines; computed. ©, experimental. 


low, the cementite phase is the only car- 
bide that forms. The lowest value of the 
alloy concentration at which a new car- 
bide phase is formed varies with different 
alloying elements and with the temper- 
ature. In the present report it will be 
assumed that the alloy concentration is 
sufficiently low and the temperature suff- 
ciently high so that cementite is the only 
carbide phase formed from the austenite 
phase. 

The equilibrium relations given by Eq. 2 
contain the unknown concentrations in the 
cemermtite; namely, those represented by 


Eq. 2 is rewritten as 
% 


Now sum this equation over all values of j. 
Upon utilizing the fact that the sum of all 
the mol fractions C,’ is unity, i.e., 


; =C;’ = 
we obtain 
Co = BIE Cesewrr|-2 3] 


In line with a notation previously 
adopted, {C.}; will be used to denote the 
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a. Pure iron-carbon system. 


c. Gamma boundary lies entirely to right of axis of zero carbon concentration. 
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6 Axis of zero carbon content passes through two two-phase regions. 
d. Both alpha and gamma boundary lie to right of axis of zero carbon concentration 
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mol fraction of carbon on the boundary of 
the alpha or gamma phase in equilibrium 
with cementite in the pure jron-carbon 
system. Eq. 13 may then be rewritten as 


C. = {C.}1/D [14] 


where 
D = [14+ 2B’ {e'sei*-4e,,9/3kT — 1 }C,]? [15] 


Here the primed summation denotes a sum 
over all elements other than iron or carbon. 

According to Eq. 14, the effect of alloy- 
ing elements upon the mol fraction of car- 
bon at the boundaries of the alpha and 
gamma phases in equilibrium with cement- 
ite is to introduce a dividing factor D rather 
than a horizontal shift as in the case where 
these two phases are in equilibrium with 
one another. An example is given in Fig. 11. 

In using Eq. 14, the experimental value 
of {C.}: may be taken. The boundary of 
the gamma phase in equilibrium with 
cementite is known with considerable 
accuracy for the pure iron-carbon system. 
Unfortunately this is not true for the alpha 
phase in equilibrium with cementite. It is 
to be expected that the heat of solution of 
cementite into alpha iron will be relatively 
independent of temperature below 700°C. 
This expectation requires that the carbon 
concentration on the boundary of the 
alpha phase lie upon a straight line when 
plotted against temperature as in Fig. 12. 
The deviation of the experimental points 
from such a straight line below 500°C. 
suggests that the experimental values are 
too high at the lower temperatures, too 
high by a factor of about 1o® at room 
temperature. 


GAMMA-MARTENSITE EQUILIBRIUM 


The gamma-martensite transformation 
is reputedly not of the standard type of 
transformation between two phases in 
equilivrium. Two distinct characteristics 
distinguish it from the standard type: (1) 
the transformation does not oc¢ur iso- 
thermally, but occurs only during a lower- 


ing of temperature; (2) the transformation 
is not reversible. These unusual character- 
istics should not discourage one from think- 
ing about the thermodynamics of the 
transformation, and from gaining valuable 
insight therefrom. 

Two types of gamma-alpha equilibrium 
may be envisaged in iron containing car- 
bon in solution. One is of the usual type 
in which during the growth of the alpha 
phase carbon diffuses in the gamma phase 
away from the advancing boundary. 
Another type of equilibrium is one in which 
the carbon atoms are immobile, and in 
which therefore the carbon concentrations 
of the alpha and gamma phases are iden- 
tical. It is with this second type that the 
gamma-martensite transformation will be 
compared. 

If the carbon atoms are to be considered 
as fixed in their equilibrium positions, a 
transition of the second type will not in- 
volve a change in positional entropy.* 
At the equilibrium temperature the atomic 
free energy* of a given number of iron 
atoms and their associated carbon atoms 
must therefore, according to Eq. 8 of 
appendix B, be identical in the two phases. 
This equivalence may be expressed in the 
following equation: 


Gre” + G."C, = Gre* + GC, 
where C, is the mol fraction of carbon. 


From Table 2 is obtained: 


G.* — G.” = 8,100 cal. per mol 
therefore 


Gre” — Gr.” = 8,100 X Ca 
cal. per mol [16] 


The quantity Gs.” —G,y." is given in 
Table A-1 of Appendix A as a function of 
temperature. From this table and from 
Eq. 16, may be obtained the equilibrium 
temperature as a function of carbon con- 
centration. This relationship is given in 
Fig. 13 as curve A. 


* See Appendix B for definitions. 













































































CARBON CONCENTRATION (wT PERCFYT) 
Fic. 104.—COMPARISON OF THEORETICAL Fe-C-W SYSTEM WITH EXPERIMENTAL DATA.'* 

Full line, theoretical boundary of gamma phase in equilibrium with alpha phase; X, gamma 
phase; O, alpha plus gamma phase. 
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CARBON CONCENTRATION (WT PERCENT) 


Fic. 106.—COMPARISON OF THEORETICAL Fe-C-Si SYSTEM WITH EXPERIMENTAL DATA.'* 
Full line, theoretical boundary of gamma phase in equilibrium with alpha phase; X, gamma 
phase; O, alpha plus gamma phase. 
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EQUILIBRIUM RELATIONS IN MEDIUM-ALLOY STEELS 
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CLARENCE ZENEK 


The observed start of the gamma-mar- 
tensite transformation temperature, called 
the Ar” temperature, lies about 200°C. 
below the computed values. This dis- 
crepancy finds a ready interpretation in 
the manner in which martensite is formed. 
As is well known, martensite does not 
form by the usual method of nucleation 
and growth, but by some sort of lattice 
strain. These permanent lattice strains 
introduce large residual stresses. The trans- 
formation must therefore occur at a tem- 
perature sufficiently below the equilibrium 
transformation temperature so that enough 
free energy is evolved from the reaction to 
provide for the elastic energy associated 
therewith. Thus, suppose that the elastic 
strain energy is AE for every mol of mar- 
tensite initially formed. Then Eq. 16 be- 
comes modified as follows: 


Gre’ — Gre* = 8,100 C, + AE (17) 


If AE is now considered to be independent 
of carbon concentration, the effect of its 
introduction in Eq. 17 is to displace the 
theoretical curve of C, to the left by the 
amount AE/8,100. Upon choosing 


AE = 290 cal. per mol 


the horizontal shift is such as to bring the 
theoretical Ar” curve into precise agree- 
ment with the experimental values, as 
shown by curve B of Fig. 13. 

Consideration of the residual stresses 
not only brings the theoretical Ar” tem- 
perature into agreement with the experi- 
mental values, it also affords a ready 
interpretation of the nonisothermal nature 
of the reaction.?® The stress system intro- 
duced by each succeeding amount of trans- 
formed iron is superimposed upon the 
Original stress system. The elastic energy 
associated with each additional amount of 
transformed iron thus increases as the 
transformation proceeds; therefore the 
transformation temperature drops. 

The irreversibility of the gamma-marten- 
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site transformation is associated with the 
comparatively rapid diffusion rate of 
carbon in the martensite, resulting in the 
separation of carbides. No direct measure- 
ments of the diffusion coefficient of carbon 
in alpha iron have been made, but, as may 
be seen from a comparison of the nature 
of the interstices in alpha and in gamma 
iron, diffusion must be much more rapid 
in alpha than in gamma iron. The alpha 
iron contains three times as many inter- 
stices as gamma iron for the same number 
of iron atoms. The interstices are thus 
considerably closer together in the alpha 
than in the gamma iron, therefore the 
potential hump between neighboring inter- 
stices is lower. 

Nearly all alloying elements lower the 
Ar” temperature. Some of these elements, 
such as tungsten and molybdenum, have a 
lower free energy in the alpha than in the 
gamma phase, therefore they would be 
expected to raise the Ar” temperature. 
The reason these elements appear to behave 
in a manner contrary to that which is 
expected may be sought in their strong 
carbide-forming tendency. During the 
quench the carbon may become concen- 
trated to some extent about these alloying 
elements. Such segregations would hinder 
the formation of the martensite struc- 
tures and therefore would lower the Ar” 
temperature. 


SUMMARY 


The general theory of the equilibrium 
between two solid phases is developed from 
thermedynamical and statistical mechan- 
ical concepts. The general theory is applied 
to the equilibrium relations in the iron- 
carbon system between the alpha, gamma 
and cementite phases, and to the effects 
of alloying elements thereon. Not only is 
it possible to bring observed equilibrium 
data into a consistent picture, but a method 
has been developed for rapidly computing 
the equilibrium relations in any medium- 
alloy steel. 
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The influence of alloys upon the bound- 
ary of the gamma phase in equilibrium 
with the alpha phase may best be visual- 
ized in terms of a master boundary curve. 
In the pure iron-carbon system the lower 
branch of this curve forms the boundary in 
equilibrium with the alpha phase, the 
upper branch the boundary in equilibrium 
with the delta phase. Alloys simply shift 
this master curve horizontally. Certain 
elements, such as Ti, Sn, P, V, W, Mo, 
Al, Si, shift the curve to the right, thereby 
raising the temperature for the a-y trans- 
formation, lowering the temperature for 
the 6-y transformation. After these two 
transformation temperatures coincide, the 
left-hand boundary of the gamma phase 
leaves the ordinate axis. In the binary iron- 
alloy systems with these elements, the 
gamma phase forms a closed loop. 

Other elements, such as Cu, Zn, Mn, 
Ni, N, shift the master curve to the left, 
thereby lowering the temperature of the 
a-y transformation, raising the tempera- 
ture of the 6-y transformation. The shift 
associated with each element is propor- 
tional to its concentration, and is inde- 
pendent of the concentrations of the other 
elements. In other words, the shift is a 
linear function of the alloy concentrations, 
the coefficients of some concentrations 
being positive, others being negative. 

The influence of alloying elements upon 
the boundary of the gamma phase in equi- 
librium with the carbide phase may best 
be visualized in terms of a dividing func- 
tion. The carbon concentration at this 
boundary is equal to the concentration for 
the pure iron-carbon system divided by this 
function, which is different for each tem- 
perature. The cube root of this dividing 
function is a linear function of the con- 
centration of the alloying elements. This 
problem of the right-hand boundary of the 
gamma phase is solved through use of the 
concept of the complex carbide (Fe, 
Alloy)sC. 

It is found that the austenite — mar- 
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tensite transformation is demanded by 
thermodynamical considerations. This 
transformation is regarded essentially as 
the transformation from the face-centered 
to the body-centered lattice with the con- 
centration of carbon unchanged. Agree- 
ment is obtained between the observed 
and the computed variation of the Ar” 
temperature with carbon concentration. 


APPENDIX A 


In this appendix a computation is given 
of the increase in free energy AGr., asso- 
ciated with the transformation of one mol 
of alpha iron into gamma iron. 

Tables have been published for the free 
energy of the alpha and gamma phases as a 
function of temperature. It might be 
thought that these tables could be used to 
find the difference in free energy AGr, of 
one mol of iron in the two phases, but they 
are not sufficiently accurate for our present 
purpose. Above 700°C. the difference in 
free energy of the two phases is less than 
1 per cent of the free energy of either phase. 
Thus an error in computation of only 1 per 
cent would lead to an error of the order of 
100 per cent in the difference. It is neces- 
sary, therefore, to compute the difference 
AGy, directly from the thermal data. 

From the definition of G, it may be seen 
that for changes in temperature occurring 
at constant pressure, - 

d 


gp AGre = —ASre 


therefore 


T 
AGr = — | ASeaT 


where 7, is the transformation tempera- 
ture from the alpha phase to the gamma 
phase. Denoting by L the latent heat of 
transition from the alpha to the gamma 
phase per mol gives: 


AGy, =L x (T. oe T)/T. 
Te Te 
— fe lp Oce/T Tar’ [0-11 
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where ACy, is the difference in specific 
heats of the two phases, in calories per 
mol per degree. 


TABLE A-1.—Summary of Computations 
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Below the transformation temperature 
g10°C., the double integral in Eq. a-1 has 
been evaluated from the specific heat data 
of Austin.'° The heat of transformation L 
was so chosen as to give the observed value 
of the carbon concentration at the eutectoid 
temperature. This value was 225 cal. per 
mol, which lies within the measured 
range.!? The details and the results of the 
computation are given in Table A-1. Above 
the transformation temperature 910°C., 
the difference in specific heats of the alpha 
and gamma phases, ACp,, was taken as a 
constant. The analytical evaluation of the 
integral in Eq. a-1 then gives 


AG, = —L(T — T.)/T. 
+ ACy.{T In (T/T.) — (T — T.)}  [a-2] 


where 7, is the lower transformation 
temperature, g1o°C., in degrees abso- 
lute. The condition that AGy. be zero at 
the upper transformation temperature, 
1400°C., imposes a relation between the 
heat of transformation L and the.difference 
in specific heats ACg,. This relation is 


ACs, = 5.84L/T. 


Upon taking the value of 225 cal. per mol 
for L, one obtains 


ACg, = 1.11 cal. per mol per deg. C. 


The values of AGg. above 910°C. were 
computed from Eq. a-2, using 225 cal. per 
mol and 1.11 cal. for mol per deg. C. for 
L and ACp., respectively. These values are 
given in Table A-1 also. 


APPENDIX B 


The condition for the equilibrium of a 
system may be most succinctly stated in 
terms of its free energy G. This free energy 
is defined in terms of the heat function H, 
absolute temperature 7, and entropy S by 
the equation 


G=H-—TS [b-1] 


The heat function is defined, in turn, by 
the equation 


H=U+PV . [b-2] 


where U is the total energy, P the pressure 
and V the volume. The nomenclature heat 
content arises from the circumstance that 
whenever a reversible change occurs under 
the condition of constant pressure, the 
usual experimental condition, the incre- 
ment of H is equal to the heat that flows 
into the system during the change. The 
absolute value of the total energy, and 
hence also of H, is unknown. All equilibrium 
equations involve, however, only differ- 
ences of heat functions, therefore the 
equilibrium equations themselves contain 
no ambiguity. 
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From the thermodynamical viewpoint, 
entropy is defined only in terms of its 
differential: 


dS = dQ/T [b-3] 


where dQ represents the heat absorbed. 
From the statistical mechanical viewpoint, 
entropy has rich physical significance. It 
is, in fact, a measure of the uncertainty in 
the specification of the internal coordi- 
nates of a system. According to this view- 
point, the precise definition of entropy is 


S=kinW [b-4] 


where & is Boltzmann’s constant and W is 
the total number of ways in which the 
coordinates of the system may be speci- 
fied while the system still maintains the 
same macroscopic properties. The two defi- 
nitions for entropy contained in Eqs. b-3 
and b-4 are, of course, compatible. 

In the study of the equilibrium relations 
between solid phases, the statistical me- 
chanical concept of entropy has a decided 
advantage over the thermodynamical con- 
cept. In solids the atoms have two inde- 
pendent types of coordinates. The first 
type specifies the equilibrium positions of 
the atoms. The second type specifies the 
position and motion of the atoms with 
respect to the equilibrium positions. If 
W, and W: are the total number of ways 
of specifying these coordinates, then 


W=W:iXW:2 
and, according to the definition, (5-4) 
S=kinWi+kinW;, 


Therefore, according to the statistical 
mechanical concept, the entropy of a solid 
may be represented as the sum of two parts, 
one part being the uncertainty in the 
equilibrium positions of the atoms and 
the second part being the measure of the 
uncertainty of the positions and motions 
of the atoms about their equilibrium posi- 
tions and of the uncertainty in the elec- 
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tronic configurations of the atoms. The 
first part will be called positional entropy 
and will be denoted by S,. The second part 
will be called atomic entropy, and will be 
denoted by S.. This separation of the 
entropy into two parts is expressed formally 
by the following equation: 


S = S» + Se [d-5] 


The fundamental principle of equilibrium 
is that at equilibrium the free energy is a 
minimum with respect to any variation 
that leaves the pressure and temperature 
unchanged. Thus if 6 refers to an arbitrary 
variation, which leaves the pressure and 
temperature unchanged, at equilibrium 


6G =,0 [b-6] 


In order that this equation may be thrown 
into a more usable form, the atomic free 
energy G, is introduced. This quantity is 
defined by the equation 


G.= H—TS, [b-7] 


The atomic free energy G, may be related 
to experimental quantities by the following 
consideration. The free energy G obeys the 
equation: 


d(G/T)/d(1/T) = H 


Upon observing that S, is not an explicit 
function of temperature, we obtain 


d(G,/T)/dT = d(G/T)/dT 
and therefore 
d(G./T)/d(1/T) = H 


By combining Eqs. b-1, b-5, b-6 and b-7, we 
obtain 
5S, = T-8G, [b-8] 


The change in positional entropy 6S, in 
Eq. 5-8 refers to the positional entropy of 
the complete system when a transfer of 
atoms takes place between two or more 
phases. This change in positional entropy 
is equal to the sum of the changes in posi- 
tional entropy of the individual phases 
when such a transfer occurs. For the cal- 
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culation of 6S, it is therefore sufficient to 
know the changes in positional entropy of 
the individual phases. These changes are 
computed below. 

A solid phase contains two types of 
atoms, lattice atoms and interstitial atoms. 
The uncertainties in the distribution of the 
two types of atoms are independent of one 
another. The positional entropy of a phase 
may therefore be separated into two parts, 
one associated with the uncertainty in 
distribution of the lattice atoms, the other 
associated with the uncertainty in distri- 
bution of the interstitial atoms. Thus in 
alpha iron containing iron, manganese and 
carbon atoms, the first type of entropy 
refers to the uncertainty as to which lattice 
positions are occupied by the manganese 
atoms, the second type of entropy refers to 
the uncertainty as to which interstitial 
positions are occupied by the carbon atoms. 

In the computation of the positional 
entropy the following symbols will be 
employed: 

M, total number of lattice atoms. 
Nj, number of lattice atoms of type j. 
Xi, Ni/M 
m, total number of interstitial atoms. 
n;, number of interstitial atoms of type j. 
xi,n;/M 
8, ratio of number of possible interstitial 
positions to number of lattice atoms. 
s;3, 2;/BM. 

The positional entropy associated with 
the uncertainty in distribution of the lattice 
atoms is obtained by finding the number of 
ways W,z in which the lattice atoms may 
be arranged in the M lattice positions, the 
atoms of each type being regarded as 
identical, as follows: 


ML 
m ;N ;! 





Wi= 
From Eq. 4 it therefore follows that 


M! 
Sp. iattice = k In (Wa) 


7! 
a NV ;! 


The entropy associated with the uncer- 
tainty in the positions of the interstitial 
atoms is obtained by considering the num- 


ber of ways, W;, in which the interstitial 
atoms may be arranged on 6M positions, 
the interstitial atoms of each type being 
regarded as identical. The result is: 


(6M)! 


aint (8M — m)!xn;! 





It therefore follows from Eq. 4 that 


% (8M)! 
Sp, mterscitiat = & In (8M — m) ez 


The change in total positional entropy, 
5S,, associated with changes in the number 
of atoms of the various types, is obtained 
by taking the differential of the sum of the 
two entropies given above. Thus, upon 
forming the sum 





Sp = Sp, tattice + Sp, interstitial 


and upon observing that when N is a large 
number, 


6 In N! = (In N)bN 
one obtains 
Bom 5 | In X, X 8N; 
+ In (1 — m/BM) X BZ 6N; 


Sj ’ 
+ZI1n -. - em) x inj: [b-9] 


The first line comes from the change in 
the positional entropy of the lattice atoms 





caused by changes in their number; the - 


last line comes from the change in posi- 
tional entropy of the interstitial atoms 
caused by changes in their number, while 
the middle line represents an interaction 
term. It represents the change in the 
positional entropy of the interstitial atoms 
due to changes in the number of the lattice 
atoms; i.e., changes in the number of 
possible interstitial positions. When the 
number of interstitial atoms is very small 
compared with the number of interstitial 
positions, as always is true for medium- 
alloy steels, Eq. b-g may be written as 


5S, = —k> In (B;C,)6N; [b-10] 


In this equation the summation extends 
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over all types of atoms, both lattice and 
interstitial, C; refers to mol fractions, and 
8; is equal to unity for lattice atoms, to 3 for 
interstitial atoms. 


All the equilibrium equations in the 
text are derivable directly from Eqs. 
b-8 and b-ro. 
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Phase Boundaries in Medium-alloy Steels 


By W. A. West* 
(New York Meeting, October 1945) 


ONE who attempts to collect and classify 
equilibrium data from various iron-alloy 
systems is soon struck with the absence of 
any quantitative theory that can serve as 
a general background against which to 
compare and contrast results from different 
systems, at different temperatures, and 


with different concentrations. It is note 


necessary to wait for a perfect theory; 
investigation of divergences of theory from 
observation may prove of great value in 
acquiring understanding of the subject. For 
example, one has only to think of Raoult’s 
law as applied to aqueous solutions. 

The equations developed by Zener!’ rep- 
resent an effort to provide such a quanti- 
tative theoretical background, and it is 
therefore desirable to subject this theory 
to such tests as can be applied. The present 
article is intended to be an application of 
available tests, and may thus be considered 
as a supplement to Zener’s paper. It is 
assumed that this paper is available to 
the reader. 

The equations make it possible to cal- 
culate the effect on the equilibrium con- 
centration of one alloying element due to 
the presence of one or more other elements. 
In particular, they are intended to give, 
for alloy steels, the carbon concentrations 


The statements or opinions in this article 
are those of the author and do not necessarily 
express the views of the Ordnance Department. 
Manuscript received at the office of the Insti- 
tute Feb. 23, 1045. Issued as T.P. 1924 in 
METALS TECHNOLOGY, January 1946. 

* Physicist, Watertown Arsenal, Water- 
town, Mass., on leave. Professcr of Chemistry, 
The American University of Beirut, Beirut, 
Lebanon. 

1 References are at the end of the paper. 


in alpha and gamma phases in equilibrium 
with each other, and in gamma in equi- 
librium with cementite. They may, how- 
ever, be modified for use for carbon-free 
alloys. A summary is given later of. the 
equations used in analyzing the data in 
this paper, and the symbols are there 
defined. 

About 125 papers have been examined 
for experimental data suitable for this 
investigation. An effort was made to look 
up all available reports of ternary systems 
including iron and carbon, as well as similar 
systems of higher order. Supplementary 
material was also obtained from a number 
of binary systems. A few noncarbon ter- 
nary systems were also found to which 
these methods could be applied. 

A comparatively small proportion of the 
papers read provided usable material. In 
many systems the number of quantitative 
observations made in the iron-rich region 
is extremely small, and the smoothed 
curves to be found in most published phase 
diagrams are entirely useless for quantita- 
tive treatment. This opinion is confirmed 
by the authors of the series on Alloys of 
Iron Research, whose remarks show clearly 
that they have no illusions as to the ac- 
curacy of many diagrams that they present. 
A further difficulty arises from the fact 
that these equations apply only to rather 
low percentages of alloying elements. The 
result is that at the lowest concentrations. 
where the best agreement might be hoped 
for, the errors of observation become rela- 
tively very large. The experimental diffi- 
culties in measurements of this kind of 
equilibrium are, of course, an old story. 
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In view of these facts, it is gratifying to 
find a fairly substantial agreement of 
theory with experiment, only two cases 
having come to light of cleaf-cut disagree- 
ment. Referring to Table 2, the a—vy 
column, ternary systems, it may be said 
that for three metals, Mo, W, V, the cal- 
culated constant seems reliably established. 
As described later, the value for Si is so 
small that its relative uncertainty is rather 
great. For the important alloying elements 
Mn and Ni, considerable uncertainty 
exists, no doubt largely because of the 
difficulty of attaining equilibrium at the 
lowered temperatures. Cu suffers from 
the same disability, and in addition has 
only a few points from but a single ob- 
server. Cr is discussed in detail later. In 
the cementite—y column, Cr and Mn 
seem fairly reliable, and Cu very doubtful, 
because of insufficient and inconsistent 
data. For other elements, data are either 
lacking or refer to carbides other than 
cementite. Of special interest are the cases 
that clearly disagree with the theory, 
Fe-Cr-C and Fe-Ni-P. It might be worth 
while to investigate other cases of the 
latter type, with and without carbon, since 
experimental and theoretical study of these 
may well be illuminating to the whole 
theory. As is shown later, it is possible to 
get at Ni indirectly through the system 
Fe-Ni-W. Study of this combination with 
carbon, and of Fe-Ni-V with or without 
carbon, might throw light on the important 
but hitherto inscrutable question of Ni. 


The same method might succeed for Mn. 


SUMMARY OF EQUATIONS AND SYMBOLS 


The following equations and constants 
are taken from Zener’s paper,! the numbers 
used there being retained. 

Note that in the equations temperatures 
refer to the absolute scale and composi- 
tions to atomic concentrations. All num- 
erical data in this paper employ centigrade 
temperatures and weight percentages. 


MEDIUM-ALLOY STEELS 


Superscripts refer to phases, and subscripts 
to components. 


R = molecular gas constant = 1.99 cal. 
T = absolute temperature. 
C; = atomic concentration of element j. 
AG = constant characteristic of element j. 
= = a summation covering all elements 
present except iron and carbon. 


Alpha-gamma Equilibrium.— 


e4GiRT — I 
7¥ = (CY > { ————— ” 
C (Ce%)o + 2 {; ea ha} C j 
[10, 12] 


The suffix A refers to the constant for the 
transfer of one gram atom of the indicated 
element from the alpha to the gamma 
phase. AG, = —8100. For (C.7)osee Table 1. 


(C.7),9 = carbon concentration in absence of 
other alloying elements 


Cementite—gamma Equalibrium.— 


C.¥ = (C.7)1 [1 + DC;7 { e(44i- 46, /3RT — 1 }]8 
[14, 15] 


A here refers to a transfer of one mol of 
carbide, (metal);C, from the cementite to 
the gamma phase. AGp, = 5300. For (C.7); 
see Table 1. 


(C.7); = carbon concentration in absence 
of other alloying elements 


AG for iron (in the alpha-gamma equilib- 
rium) is the free energy of transfer per 
gram atom. from the alpha to the gamma 
phase in pure iron. For the other elements 
it may be considered an empirically deter- 
mined quantity. If it is desired to interpret 
it in terms of thermodynamic conventions, 
it may be thought of as the standard free 
energy of transfer; that is, between alpha 
and gamma phases of the pure element. 
This corresponds to reality in the case of 
iron (see above), but represents hypotheti- 
cal reference states for the other elements. 
The number of positions available for car- 
bon are not the same in the two phases: 
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instead, however, of expressing the carbon 


concentrations 


differently, 


we make use 


of the factor 8. For substitutional elements 
this situation does not arise, and 6 is 
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calculated curves agreeing as closely as 
possible with the experimental results, and 
the degree of correlation is observed over 
the available temperature and concentra- 
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therefore unity. 


Fic. 1.—System Fe-Cr-C (y @ 7 + a). 


Similar 


considerations 


may be applied to the gamma-cementite 


equilibrium. 


TABLE 1.—Constants for Use in Equations 











' 
Temperature, a, fa (Cre) +0) 
Deg. Cc : (y  ceme itite), 
Wt. Per Cent | Wt. Per Cent 
700 1.11 0.83 
800 0.31 | 1.00 
910 Oo 1.24 
1000 —0.13 1.45 
1100 —0.20 1.71 
1200 —0.20 
1300 —0.13 
1400 ° 
1500 0.25 











* When used in the equations these values are, of 
course, transformed to atomic concentrations. 


EXAMINATION OF INDIVIDUAL ALLOYING 
ELEMENTS 


In the following pages analyses are made 
of the experimental data on the carbon 
content of the gamma phase in equilibrium 
with, respectively, alpha phase and cemen- 
tite. Constants have been chosen to give 


tion ranges. Two noncarbon systems have 
also been included. 

In Table 2 are given the constants as 
determined. In the first column (AG(a = 
y), binary systems), are given the values 
as determined by Zener.' In the second 
column are corresponding values as deter- 
mined from the data analyzed in this 
paper. In the third column are constants 
for the cementite-gamma equilibrium as 
determined in this paper. 


Chromium 


Alpha-gamma Equilibrium.—tIn Fig. 1 
are plotted a large number of observations 
of Acs and Ar; obtained dilatometrically 
by Wever and Jellinghaus? and also some 
points based on observations of micro- 
structures by Tofaute, Sponheuer and 
Bennek.? A few cooling-curve results by the 
former, and dilatometric points by .the 
latter authors, have not been plotted, but 
show no divergence from the results given. 
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The dotted curves represent (C."), for the 
iron-carbon system. Near the axis the 
transformation curve is lowered slightly 
(as must necessarily occur for small per- 





MEDIUM-ALLOY STEELS 


that have stable ranges in contact with the 
gamma phase, orthorhombic (Fe, Cr)3C, 
(cementite), and trigonal (Cr, Fe)7C3. As 
is indicated, iron and chromium are found 
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Fic. 2.—System Fe-Cr-C (y = y + CARBIDE). 
(Tofaute, Sponheuer and Bennek.*) 


centages of chromium), and as carbon is 
increased the Ar; points maintain this 
slight lowering, while the Acs points rise 
markedly above the iron-carbon curve. 
The possibility exists that this rise is only 
apparent, and is due to slow rate of dissolv- 
ing of carbide present before heating began. 
This hypothesis is supported by the in- 
creasing carbon. On the other hand, Ac 
points are generally considered more relia- 
ble than Ar. Further, there has been 
acceptance of an As; curve crossing the C”, 
curve for low chromium content.‘ The 
latter situation would require that a small 
amount of chromium should appreciably 
change the heat of transfer of carbon from 
gamma to alpha phase, a possibility that 
cannot be ruled out, in view of the anoma- 
lous effect of chromium on pure iron. This 
case is in definite disagreement with the 
theory, at least for more than very small 
concentrations. 

Gamma-carbide Equilibrium—For low 
chromium contents there are two carbides 


in both forms, at least within limits. In 
Fig. 2 are plotted observations on micro- 
structure by Tofaute, Sponheuer and 


TABLE 2.—Constants 




















AG(a & ¥) 
Alloying 
Element Binary | T AG(com. & +) 
Systems | idioma 
(Zener?) 
c — 8100 
N — 5360 
Mn — 2440 — 1000(?) 11,000 
Ni — 100 — 10504 
Cu —128) — 500(?) |. 20,000(?) 
Zn — 590 
Si 475 450 
Be 810 
Al 1300 
Ww 1360 1250 
Mo 1360 1500 
Vv 2830 2000 
P 4180 
Sn 5500 
Ti 9000 
Cr see discussion 13,000° 











* Above 1000°. 
* For Cr < 2.5 per cent only. 


Bennek,’ corrected for the given contents 
of manganese and silicon. Making use of 
the cementite points under Cr = 1.60 per 
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cent, we obtain AG = 13,000, giving the 
calculated curve as drawn. For higher 
chromium contents the points observed 
are of trigonal carbide, and, in fact, the 
calculated curves fall increasingly to the 
right of the observations, as is required by 
theory. The heavy dotted lines represent 
approximate positions for the y-trigonal 
carbide boundary, increasingly encroach- 
ing on the y-cementite boundary as the 
chromium content increases. Wever and 
Jellinghaus,? using X-ray analysis, found 
cementite at Cr = 1.6 percentandC = 1.3 
per cent. At Cr = 3.0 per cent they found 
cementite and trigonal carbide at C = 0.5 
per cent, and cementite alone at 0.92 per 
cent C. These fit fairly well with the dia- 
grams of Fig. 2. 

It appears that AG = 13,000 is applicable 
up to 2 to 2.5 per cent chromium. 


Copper 


Alpha-gamma Equilibrium.—Copper is 
known to lower the temperature of this 
transformation in its alloys with iron, but 
the few experimental data on the iron- 
copper-carbon system® indicate a marked 
rise of Acs temperature with copper 
content. 


TABLE 3.—Calculated Values, Gamma- 
carbide Equilibrium 





| CC, Per C, Per 














| Cu, | Cent ; Cu. Cent 
T P te Mee eae 
ent Cent 
Obs. | Calc. | Obs. | Calc. 
f 
a, ee LS, ee 
850 | 2.08| 0.48 0.72 | 980 | 2.08 I.27| 0.99 
900 | 3.25/0.55/| 0.65 | 980/ 2.53/| 1.16 5 
0 | 4.10} 0.49) 0.72 “UF RAE Oo. 
1020 | 4.97 0.48 | 0.70 Bs ae s.24l 2:88 
1050 | $80] 0.54) 0.68 | 1100 4.85/| 1.11] 0.90 


; 





Gamma-carbide Equilibrium.—Ishiwara, 
Yonekura and Ishigaki published three 
series of experimental data. Four points, 
with Cu = 1 percent. are plotted in Fig. 3, 
with a line calculated for AG = 20,000. The 
agreement appears fairly good. This prom- 
ise, however, is not fulfilled with the other 


two series. In Table 3 the calculated value 
of carbon assumes AGcoy = 20,000. In one 
series the calculated values fall consistently 
well above the observations, and in the 
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Fic. 3.—System Fe-Cu-C (vy = y + CARBIDE). 
(Ishiwara, Yonekura and Ishigaki.®) 


other equally far below. In the absence of 


further data, the constant cannot be 
determined with any certainty. 


Manganese 


Gamma-alpha Equilibrium.—Inspection 
of results on the iron-manganese system® 
indicate a value for AG of minus 1400 cal. 
The only observed points for the iron- 
manganese-carbon system, at low concen- 
trations, are those of Gensamer,’ which are 


TABLE 4.—Points in Iron-manganese-carbon 











System 
Temperature 
. AC 

Mn, C. Deg. C. 
Per Per 
Cent Cent a Pres-| Noa 

ent Present Calc. Obs. 
2.5 0.16 770 795 —0.21 | —0.24 
4.5 0.19 755 775 —0O.41 —0.32 
4.5 0.45 710 730 —0.41 | —0.42 




















listed in Table 4. AC gives the calculated 
and observed distances from the iron- 
carbon curve of points midway in the 
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observed temperature range of dilatometric 
change. AG was taken as minus 1000 cal., 
which roughly fits the points. One approxi- 
mate point is given for Mn = 7 per cent’ 


Molybdenum 


Gamma-alpha Equilibrium.—The iron- 
molybdenum system forms a gamma loop, 
but estimates of the value of maximum 
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Fic. 4.—System Fe-Mn-C (vy = vy + CARBIDE). 


and two for Mn = 1o per cent, all of which 
indicate AG as approximately minus 2500. 
Recent observations by Troiano and 
McGuire’ on the iron-manganese system 
indicate a very similar AG with a similar 
increase at higher manganese concentra- 
tions and lower temperatures. The limited 
vidence, then, points to a constant of 
minus 1000 cal. for low percentages of 


manganese and temperatures of 800° to 
°o 


goo”. 

Gamma-carbide Equilibrium.—Three 
series of experimental results exist for this 
boundary, two by Gensamer’ for 2.5 per 
cent and 4.5 per cent Mn, and one by Wells 
Walters for 7 per cent Mn.* These are 
plotted in Fig. 4, together with the C; line 
for the iron-carbon system, and a calculated 
line using AG = 11,000. This value gives 
the best fit that can be obtained, although 
the observational lines, especially those 
of Gensamer, show appreciably less slope 
than the calculated. The agreement is 
better at 7 per cent Mn, where the equation 
might not be expected to apply so well. 


molybdenum on the alpha boundary vary 
from less than 3 per cent to more than 4 per 
cent.'! corresponding to values of AG from 
1500 to 1000. The only available data from 
the iron-molybdenum-carbon system is 
from a set of curves by Svetchnikoff and 
Alferova.’? Reading from these curves for 
Mo = 1 per cent, we obtain the points 
plotted in Fig. 5. A calculated curve with 
AG = 1750 fits the points fairly well. No 
information is available as to the methods 
employed by these authors. 

Gamma-carbide Equilibrium.—The 
gamma phase is in equilibrium with com- 
plex carbides other than cementite in con- 
centration ranges for which observations 
are available, so that the boundary cannot 
be studied. 


Nickel 


Gamma-alpha Equilibrium.—Attempts to 
calculate AG from the Fe-Ni diagram fail, 
because of the wide divergence of experi- 
mental results obtained on heating and on 
cooling, the interpretation of this being 
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uncertain. The diagram widely accepted 
as of practical use is that showing two wide 
bands, representing gamma-alpha trans- 
formation ranges on cooling and heating, 
respectively. 

Marsh" quotes three investigators whose 
results indicate that the true upper and 
lower boundaries of the alpha-gamma two- 
phase region lie, respectively, in the heat- 
ing and cooling transformation bands. 
There is, however, disagreement as to the 
exact position of these lines. 

Few experimental results exist for the 
iron-nickel-carbon system. Kasé™ gives a 
few values of Ars, which correspond to 
AG = —2500 or more, with considerable 
divergences. Bain (p. 74 of ref. 13) reported 
points on the y — a + y boundary, which 
give fairly consistent results of AG = 
—2000 or less. Jones'® reported a long 
series of Acs; and Ar; points for nickel 
steels containing up to 1 per cent Mn. 
When corrected for the effect of the man- 
ganese, which is somewhat uncertain, the 
Acs points indicate AG => —1000. No 
mention was made of Si, which was almost 
certainly present, and which may have 
been in fact responsible for this low result. 
It may be noted that his Ar; points fell 
60° to 140° below the Acs, indicating that 
the previously mentioned effect of nickel 
on this transformation persists in the 
presence of at least some other alloying 
elements. 

A series of observations on the ternary 
system iron-nickel-tungsten’® provides an 
opportunity to determine AG at tempera- 
tures where the delayed transformation 
may be less troublesome. As will be shown 
later, AGw for tungsten appears to be 
known with sufficient accuracy. Using 
AGw = 1250, and applying Eq. 10 modified 
for a _ substitutional alloying element 
(nickel) in place of an interstitial element 
(carbon), we obtain the calculated curve 
as shown, with AG = —1050 (Fig. 6). 
Agreement is good with the experimental 
data. This would indicate that the true 


two phase region for the iron-nickel system 
lies inside the heating range of transforma- 
tion as the latter is shown on current 
diagrams. 
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WEIGHT PERCENT CARBON 
Fic. 5.—System Fe-Mo-C (7 @a + 7). 
(Svetchnikoff and Alferova.**) 








Gamma-carbide Equilibrium.—No experi- 

mental data exist on this transformation. 
Silicon 

Gamma-alpha Equilibrium.—The gamma 
loop for iron-silicon alloys is known fairly 
accurately,!’ and from it we find the maxi- 
mum silicon on the alpha boundary = 2.5 per 
cent, givingAG = 48s. Asis indicated by the 
magnitude of AG, silicon has a rather small 
effect on the boundary of the gamma phase. 
It takes nearly o.5 per cent Si to change 
the amount of carbon by 0.05 per cent, an 
effect produced by a 10° change in tempera- 


ture over most of the temperature range 
involved, which means that the uncertainty 
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to be expected in thermal analysis will be at 
least a considerable fraction of the effects 
to be observed. ‘ 

In Table 5 are given the results of three 
observers!®-!9 29 for Ac; for this system. AC, 
the distance of the point to the right of the 


highly probable that manganese was 
present. 

On inspecting the columns showing 
divergences, we find that the results of 
Krfz and Poboril are nearly all high, but 
irregular, those of Wilhelm and Reschka 


TABLE 5.—AC for Acs for Silicon Alloys 


CALCULATED (AG = 450 CAL.). OBSERVED (CoRRECTED; SEE TEXT) 























































































































Kriz and Poboril Sato 
Div. 
T | per tient | Cale. | Obs. T | pertent| Cale. | Obs. | Div. 
910 0.74 | 0.08 | 0.31 | +0.23| 90 0.26 | 0.02 | 0.04 | +0.02 
800 1.25 | 0.13 | 0.22 | +0.09| 828 0.54 | 0.06 | 0.02 | —9.04 
965 | 1.25 | 0.12 | 0.20 | +0.08| 814 0.50 | 0.06 | 0.00 | —0.06 
935 1.70 0.17 0.50 +0.33 | 804 0.51 | 0.06 | 0.04 | —0.02 
900 | 2.33 | 0.23 | 0.40 | +0.17| 790 0.71 | 0.08 | 0.02 | —0.06— 
950 3.65 | 0.36 | 0.51 | +0.15| 762 0.54 | 0.06 | 0.08 | +0.02 
1090 3.93 | 0.36 | 0.34 | -0.02| 751 0.53 | 0.06 | 0.11 | +0.05 
Wilhelm and Reschka 900 0.97 | 0.10 | 0.11 | +0.01 
840 0.30 0.04 0.12 +0.08 831 0.99 | 0.11 | 0.08 | —0.03 
825 0.43 | 0.05 | 0.07 | +0.02| 823 0.98 | 0.11 | 0.09 | —0.02 
832 0.64 0.07 0.15 | +0.08| 780 1.05 | 0.11 | 0.08 | 0.03 
860 0.88 0.10 0.20 | +0.10| 768 1.26 0.14 | 0.02 | —0.12 
47 | 0.99 | 0.11 | 0.13 | +0.02| 965 1.34 | 0.13 | 0.17 | +0.04— 
852 | 1.08 0.12 0.14 | +0.02| 924 1.63 | 0.17 | 0.15 | —0.02 
850 1.17 0.13 0.16 | +0.03| 830 1.58 0.18 | 0.11 | —0.07 
775 1.13 0.13 0.21 +0.08 | 800 1.45 0.17 | 0.11 | —0.06 
782 1.60 | 0.18 | 0.11 | —0.07 
923 2.25 | 0.22 | 0.22 0 
810 1.80 | 0.20 | 0.15 | —0.05 
790 2.16 0.24 0.13 | —0.11 



































curve for the iron-carbon diagram, was 
calculated from Eq. 10, using AG = 450. 
The results of Kriz and Poboril and of 
Wilhelm and Reschka, were corrected for 
manganese content; that is, the carbon 
contents were increased to compensate 
for the effects of the given percentages of 
manganese. Other elements present had 
small effects and practically canceled each 
other. Sato did not give the complete 
analysis of his specimens, although it seems 


also high, but not by large amounts, while 
those of Sato average low but show no 
great divergence. In view of the fact that 
the manganese probably present in Sato’s 
specimens would make his results too low, 
the results mentioned above seem to show 
good concordance with theory. 
Gamma-carbide Equilibrium.—A few ob- 
servations are given by Hanson”! and also 
some by Kriz and Poboril,"* but in view 
of the small amount of information and 
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of the uncertainty regarding the relation- 
ship of carbides and graphite in this sys- 


tem, it does not seem worth while to 
attempt a theoretical analysis. 


1A, 


from AG = 1250 fit the points as well as 
can be expected. 


Gamma-carbide Equilibrium.—Complex 


carbides only are present at the concen- 
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Tungsten 


Gamma-alpha Equilibrium.—The iron- 
tungsten diagram shows a gamma loop for 
which convincing data are available,” 
with maximum C,* = 6.5 and maximum 
C.’ = 3.2 at the maximum. We obtain 
AG = 1250. When observed points”* for the 
iron-tungsten-carbon system are plotted 
Fig. 7), it is found that curves calculated 


tration ranges available, so that the 
gamma-cementite boundary cannot be 
studied. 


Vanadium 


Gamma-alpha Equilibrium.—Since this 
element, with iron, forms a gamma loop, it 
is possible to calculate AG from the maxi- 
mum C,* in equilibrium with the gamma 
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phase. There is some uncertainty regarding 
this value, estimates by different observers 
varying from 1.2 per cent V to about 2.0 
per cent,® giving corresponding AG’s of 
2300 and 1200, respectively, with the 
probability favoring the former. Experi- 
mental data*.25.26 on the boundary of the 
gamma phase in the Fe-V-C system was 
plotted in Fig. 8, and it was found that 
AG = 2000, from which the theoretical 
curves were calculated, gave as good a fit 
as could be obtained. Although the number 
of points is not large, it represents three 
different observers, and no set shows 
systematic divergence. 

Gamma-carbide Equilibrium.—In this sys- 
tem the gamma phase is considered to be 
in equilibrium with V,C; even at quite low 
vanadium concentrations. 


Iron-nickel-phosphorus 


Gamma-alpha- Equilibrium.—As_ was 
mentioned previously, the iron-chromium 
system is an exception to the theory, in 
that the A; point is first lowered and then 
raised as increasing (but small) amounts 
of chromium are added. The iron-nickel- 
phosphorus system is of interest, since it 
does much the same thing with increasing 
addition of phosphorus, although “phos- 
phorus alone produces a normal type of 
gamma loop with iron. 

In Fig. 9 are plotted the results of Vogel 
and Bauer®’ for this system, with Ni = 2 
per cent. The calculated curves are based 
on AGy; = —1050 (as used in Fig. 6), and 
AGp = 3100, as determined from the 
gamma loop of the iron-phosphorus sys- 
tem, and the curves were calculated by 
Eq. 10 modified for a substitutional solute, 
and by the corresponding equation for the 
alpha boundary. The latter gives fairly 
good agreement, but the gamma boundary 
shows great distortion as compared with 
the theoretical curve. Apparently there 
is a marked interaction of nickel and 
phosphorus of such nature as to affect the 
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solubility relationships in 
phase. 


the gamma 


SUMMARY 


Equations have been developed by 
Zener' to permit calculation of phase 
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boundaries in medium alloy steels in terms 
of certain constants. The literature has 
been searched for experimental data from 
which the constants have been determined 
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for a number of alloying elements. A dis- 
cussion is given of the degree of consistency 
with which these empirical *constants rep- 
resent the data. Two systems have been 
found in clear-cut disagreement with the 
theory; in certain others the data are 
insufficient or inconclusive; in a consider- 
able number, however, constants may be 
chosen that represent the experimental 
results reasonably closely. 


REFERENCES 


1. C. Zener: Equilibrium Relations in Medium 
Alloy Steels. This volume, page 513. 

2. F. Wever and W. Jellinghaus: Miu 
K-W-I. Eisenforschung (1932) 14, 105. 

. W. Tofaute, A. Sponheuer and H. Bennek: 
Tech. Mitt. Krupp (1936) 6, 172. 

E. C. Bain: Alloying Elements in Steel, 119. 

T. Ishiwara, T. Yonekura and T. Ishigaki: 
= Repts. Tohé6ku Imp. Univ. (1926) 15, 


ye & 


I. 
M. Hansen: Aufbau der Zweistofflegier- 


ungen. Berlin, 1936. 
M. Gensamer: Amer. Soc. Steel Treat. 


(1933) 21, 1028. 
Wells and F. M. Walters: Trans. 
Amer. Soc. for Metals (1935) 23, 751. 
J. F. Eckel and V. N. Krivobok: Trans. 
Amer. Soc. for a (1933) 21, 846. 
10. A. R. Troiano and F uire: Trans. 
Amer. Soc. for Metals (1943) 31, 340. 

11. J, L. Gregg: The Alloys of Iron and 
Molybdenum, Chap. II. New York 1932, 
McGraw-Hill Book Co, 

12. V. N. Svetchnikoff and N. S. Alferova: 

Theory and Practice of Metallurgy 

(Russia) (1936) 4, 72, as quoted by 

Herzig: Trans. Amer. Soc. for Metals 

3. 8° ue ) 29 131. 

Alloys of Iron and Nickel, 1, 

gh II. New York, 1938. McGraw- 

Hill Book Co. 

14. T. Kasé: Sci. a Tohéku Imp. Univ. 
(1925) 14,1 

15. J. A. —— yy Iron and Steel Inst. (1928) 
II7, 295. 

16. K. Winkler and R. Vogel: Archiv Eisen- 
huttenwesen (1932) 6s 6, 165. 

17. E.S. Greiner,jJ arsh and B. Stoughton: 
The Alloys U: Iron and Silicon, 38. New 
York, 1933. McGraw-Hill Book Co. 

18. A. KHz and Pobofil: Jnl. Iron and Steel 
Inst. (1930) 122, 191. 

19. T. Sato: Tech. Repts. Tohédku Imp. Univ. 
5 ae 9, 515 

20. Wilhelm and J. Reschka: Archiv Eisen- 
ay edn (1939) 12, 607. 

21. D. Hanson: Jul. Iron and Steel Inst. 

wit 116, 129 
Sykes: Trane. A.I.M.E. (1931) 95, 


307. 
23. S. 3 vakeda: Tech. Repts. Tohédku Imp. 
Univ. (1931) 9, 627. 
24. F. Wever, A. Rose, and H. Eggers: Mitt. 
K-W-I. Eisenforschung (1936) 18, 239. 
25. H. Hougardy: Archiv Eisenhuttenwesen 
(1931) 4, 497. 


r FP 


13. 


22. 


PHASE BOUNDARIES IN 





MEDIUM-ALLOY STEELS 


26. M. Oya: Sci. Repts. Tohéku Imp. Univ. 


(1930) 19, 331. 
27. R. Vogel and H. Bauer: 
huttenwesen (1931) 5, 275. 


DISCUSSION 
(R. F. Mehl presiding) 


(This discussion refers also to the paper by 
Clarence Zener that begins on page 513.) 


Archiv Eisen- 


L. S. Darken.*—Dr. Zener presents a very 
interesting schematic picture, particularly in 
Fig. 9, of the influence of alloying elements on 
equilibria involving iron. The quantitative 
development presented, however, is a bit 
confusing. This development is primarily 
an application of well-known laws of dilute 
solutions, but involves also an additional 
assumption which seems unwarranted. 

The derivation in appendix B, which leads 
to the equations used, is in a sense independent 
of the statistics. Combination of Eqs. B-8 
and B-10 leads to the following equation for 
the change in “atomic free energy” accom- 
panying the transfer of Ny atoms of type j 
from one phase to another 


8Ge = —kT In C,aN; 


(for the sake of simplicity interstitial solid 
solutions other than in the face-centered 
cubic or y phase are omitted and B = QO). 
Considering now the transfer corresponding 
to as many gram atoms as are represented by 
the chemical equation representing the equilib- 
rium, the above reduces to 


AG, = —RT In Ky 


in which K,, is the familiar mass law constant; 
the concentrations used therein are to be 
expressed as usual in terms of atom fraction 
for substitutional solid solutions and in nearly 
identical units for small amounts of interstitial 
elements in the y phase. 

The meaning of AG, may be made clear by 
consideration of the relation between the 
thermodynamic equilibrium constant and 
the free energy change when all substances 
involved are in the standard state 


AG® = —RTInK 
This thermodynamic equilibrium constant is 


written in terms of activities and may be 
expressed in terms of the mass law constant 


* Research Chemist, U. S. Steel Research 
Laboratory, Kearny, New Jersey. 
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by introducing activity coefficients thus 


AG) + BT te Ct 


a a = pil = —RT ln | 
By comparison of this strictly thermodynamic 
relation with that first written it is seen that 
AG, is equal to the standard free energy change 
plus a term involving the activity coefficients 
that measure the departure from ideal solution 
behavior. 

If the treatment is restricted to very dilute 
solutions, this second term may be regarded 
as constant at constant temperature, and may, 
by proper choice of standard state, be included 
in the first. 

Thus AG, is identical with the standard free 
energy change providing the standard state 
is properly chosen. West makes essentially 
this same statement. Zener claims this quan- 
tity has this significance only for iron and 
regards it usually as a heat change (AH) 
for other elements dissolved therein, and 
gives it no physical meaning in the general case; 
this is very puzzling. 

The manner in which the standard free 
energy change of a reaction varies with 
temperature is one of the primary problems 
in a large number of thermodynamic in- 
vestigations. In fact, the bulk of the applica- 
tion of thermodynamics to metallurgy has 
consisted of the formulation of this free energy 
change as a function of temperature. 

In general, as is well known, the relation is 
complex—an example being the free energy 
change accompanying the transition from a 
to y iron as shown by Zener in Figs. 1 and 2. 

In other cases it is approximated over short 
ranges of temperature by an expression of 
the form AG® = a+ 5T where a and 6b are 
constants; in such cases a = AH® and } = 
AS®, The variation with temperature is 
frequently very great—several thousand cal- 
ories per 100°C. 

In the present papers the surprising assump- 
tion is made that for the equilibria considered 
AG® is a constant. 

Nearly all the calculations are based thereon. 
From the second law of thermodynamics it 
follows directly that the first derivative of the 
standard free energy change with respect to 
temperature is the standard entropy change. 

Hence if the standard free energy change 
is a constant, the standard entropy change 


is zero. Thus Zener’s postulate is equivalent 
to the statement that the entropy change is 
zero at all temperatures for all reactions 
involving crystalline substances in their 
standard states. 

The third law of thermodynamics states 
that this is so at the absolute zero of tem- 
perature but reference to any table of en- 
tropies of formation will immediately convince 
one that it is by no means true at other tem- 
peratures. Hence it is clear that Zener’s funda- 
mental postulate is theoretically unsound. 

In the cases considered, the variation of 
AG with temperature may be reasonably small 
and the experimental error is regrettably quite 
large, so that the error involved may be 
partially concealed. 

In the iron-carbon system, where the 
experimental data are probably the best of the 
systems considered, it might be thought that 
Fig. 7 of Zener’s paper constitutes an excellent 
corroboration of the assumption. However, 
it is to be noted that in this case the amount 
of carbon in the alpha phase is very small, 
hence AGg is a large negative quantity and the 
effect of this term on the calculated com- 
position of the gamma phase in equilibrium 
with the alpha phase is negligible, since it 
occurs exponentially in Eq. 8. 

Moreover, as mentioned in appendix A, 
the carbon content at the eutectoid was used 
to establish AGr, so that the agreement shown 
in Fig. 7 is forced, at least at this point. 

In the other cases considered (e.g., those 
depicted in Figs. 5, 6 and 8) the agreement 
is also to some extent forced. 

In view of this and the lack of precision of 
the experimental data, it can hardly be said 
that there is experimental verification of the 
startling postulate of the constancy of AG. 
The Fe-Cr system considered by West is 
admittedly in marked disagreement with 
the theory and it seems only reasonable to 
conclude that a theory that is fundamentally 
open to such serious question, and that may 
lead to such a wide discrepancy, leaves much 
to be desired. 

Thus it is seen that the theoretical treatment 
is based on well-known laws of dilute solu- 
tions plus an assumption that appears to be 
unjustified. 

In addition to the objections already made 
to this hypothesis, it seems appropriate also 
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to question the adequacy of the laws of dilute 
solution as applied to the cases considered in 
medium alloy steels. . 

Recent precise measurements in our labora- 
tory by Dr. R. P. Smith show that in the 
iron-carbon system at 1o000°C. the activity 
coefficient of carbon changes about 60 per 
cent between zero and 1.5 per cent C. This is 
a rather marked departure from ideal behavior. 

Measurements of this sort are far from 
numerous in the metallurgical field. A few 
binary liquid alloys have been investigated. 

Measurements of Schneider and Schmidt?! 
indicate that the activity coefficient of gold 
in zinc-gold alloys changes by a factor of 
two between zero and 7 atom per cent gold. 

In the ternary systems the indications are 
that the departure from ideal solution laws 
is even greater. The measurements of Marshall 
and Chipman” indicate that in liquid steel 
the activity coefficient of oxygen (in small 
amounts) is depressed to one third its original 
value by the presence of 2 per cent carbon. 
Preliminary measurements in our laboratory 
indicate that in austenite the presence of 
4 per cent silicon increases the activity of 
carbon by a factor of two. 

Thus the indications are that departures 
from the simple solution laws play a large 
role in the physical chemistry of steel and 
it would seem more fitting at this time to 
emphasize and, if possible, interpret, these 
departures rather than to oversimplify the 
picture. 

For example, in the austenitic iron-silicon- 
carbon alloys it is possible to shed a little 
light on the marked ability of silicon to 
depress the solubility of carbon. Let it be 
supposed that it requires very high energy 
for a carbon atom to occupy an interstitial 
position immediately adjacent to a silicon 
atom. Then there will be a negligibly small 
number of carbon atoms in such positions; 
but there are six such positions for every 
silicon atom. 

In a 4 per cent Si-Fe alloy, the atom per 
cent of silicon is about 8, hence six times this, 
or 48 per cent, of the interstitial positions 
are barred. to carbon atoms. 


21Schneider and Schmidt: Zitsch. Elektro- 
chemie (1942) 48, ee 

22 Marshall and Chipman: Trans, Amer. 
Soc. for Metals (1942) 30, 695. 


On this basis, then, it would be expected 
that the solubility of carbon would be only 
about half as great in the alloy as in iron—a 
fact verified by experiment. This example is 
given merely to illustrate the type and mag- 
nitude of the effect that has been ignored in 
the present papers, but which seems of con- 
siderable importance and awaits a com- 
petent treatment perhaps by the methods of 
statistical mechanics. 


C. ZENER (author’s reply)—Mr. Darken 
has added considerably to the discussion of 
these papers by emphasizing the assumptions 
made therein. For this, the authors are deeply 
indebted. A real difference of opinion exists, 
however, regarding the value of the results 
obtained using these assumptions, a difference 
that no doubt stems from a divergence in 
their approach to scientific problems. In 
obtaining an understanding of a problem the 
writer prefers first to see under what sim- 
plifying assumptions the broad features of 
the problem may be explained, and then to 
relax these simplifying assumptions only as 
deviation of the theoretical deductions with 
experiment demand. In the particular problem 
under consideration, the equilibrium relations 
of medium alloy steels, the published experi- 
mental data require a modification of the 
assumptions only for the alloying elements of 
chromium and cobalt, and for the ternary 
system Fe-Ni-P, as was explicitly stated 
in the papers. The science of the metallurgy 
of steel will indeed be enriched through 
publication of data of the type Mr. Darken 
indicates has been obtained in his laboratory, 
data that may require a relaxation of the 
simplifying assumptions herein made. How- 
ever, the data* that have come from his 
laboratory since the meeting, describing the 
influence of carbon upon the Fe-Si system, 
is in striking agreement with the results of 
this paper, an agreement that is discussed 
elsewhere.{ Perhaps the other data likewise 
are not in such disagreement as Mr. Darken 
believes. ’ 

Of the two assumptions introduced, that 
of dilute solutions is fundamental to the 
analysis. Only through this assumption is one 

*R. L. Rickett and N. C. Fick: Constitution 
of Commercial Low-carbon Iron-silicon Alloys. 


This volume, page 346. 
t This volume, page 354. 
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able to deduce the equilibrium of ternary and 
higher order systems directly from the equilib- 
rium of the binary systems. The real question 
of dispute is not whether this assumption is 
correct, for of course it is only an approxima- 
tion. The question is rather whether the 
assumption of a dilute solution corresponds 
sufficiently close to reality in medium alloy 
steels so that the conclusions deduced there- 
from are of aid in understanding equilibrium 
relations. 

The second assumption, constancy of AG, 
for the alloying elements, is not essential to 
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the analysis, and was made only because the 
published data do not give any clue as to 
how it varies with temperature. The regarding 
of AG, as constant over a limited temperature 
range is not equivalent to regarding AS, as 
zero; rather, it amounts to neglecting the 
variation of TAS, with temperature over that 
temperature range. The writer adheres to 
his original statement that AG, has physical 
significance only for the solvent iron. We 
cannot impart physical meaning to it simply 
by assigning to it the label ‘‘standard free 
energy.” 
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INTRODUCTION 


THE present investigation started in an 
attempt to understand certain details of 
the decomposition of austenite, and of the 
effect of alloying elements thereon. As 
the investigation proceeded it became 
apparent that not only these details, but 
all the general features of austenite decom- 
position, could be understood in terms of 
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fundamental physical principles. Since the 
direct applicability of these physical prin- 
ciples has not been previously recognized, 
it was decided to incorporate the original 
results of the investigation into a review 
of the general subject of the kinetics of 
austenite decomposition. This review con- 
stitutes the present article. An extended 
summary of the results is given on pages 
576 to 579. 

This article, which deals with the kinetics 
of phase transformations, may appro- 
priately be considered as a sequel to two 
recent articles':*? from this laboratory on 
the equilibrium relations in medium alloy 
steels. 


1 References are at the end of the paper. 
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GENERAL PRINCIPLES 
EQUILIBRIUM DIAGRAMS 
As is well known, many conventional 


equilibrium diagrams do not represent 
true equilibrium conditions. This is true 
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is not taken explicitly into account. When 
the interface is curved, as it always is if one 
phase is dispersed and the other phase is 
continuous, the equilibrium concentrations 
are not those given by the equilibrium 
diagrams. As was first pointed out by 





| | | 






900 








T T | | 











° 
* 800 i 
WW 
4 
= 
io 
aq 
« 
wW | 
a. | 
2 
Ww 
rm 
700 Ne, Tee Gee = 
E' : 
600 l | | | l i 
2 .4 a 1.0 1.2 1.4 1.6 


CARBON CONCENTRATION 


(WT.%) 


Fic. 1—METHOD OF DETERMINING CARBON CONCENTRATION IN AUSTENITE JUST AHEAD OF AN 
ADVANCING FERRITE OR CEMENTITE GRAIN. 


of the iron-carbon diagram as usually 
drawn, since cementite may decompose 
with the formation of graphite. Such a lack 
of true equilibrium in no way detracts from 
the usefulness of the conventional dia- 
grams, since, when properly used, they do 
represent the actual equilibrium concen- 
trations in the absence of nuclei of the 
more stable phase. 

Caution must be used in the interpreta- 
tion of equilibrium diagrams, even those 
representing true equilibrium. In such 
diagrams the implicit assumption is usually 
made that the interface between two phases 
is a plane. In other words, surface tension 


Gibbs, the equilibrium relations must then 
be computed from first principles, using 
the condition that any transfer of atoms 
must be accompanied by no change in free 
energy. 

Equilibrium relations have physical 
significance even when the system as a 
whole is not in equilibrium, as when a new 
dispersed phase is growing in an under- 
cooled continuous phase. As an example, 
the case of the growth of ferrite grains 
from a hypoeutectoid austenite will be 
considered. The advance of the phase 
boundary is accompanied by two distinct 
phenomena: (1) a shift in the position of 
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each lattice atom so as to produce a body- 
centered structure from a face-centered 
structure; (2) a diffusion of carbon atoms 
away from the advancing interface. The 
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According to the viewpoint herein adopted, 
the growth of one phase in another is 
therefore completely specified by the par- 
tial differential equations that govern 
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FIG. 2.—VARIATION OF CARBON CONCENTRATION ON TWO SIDES OF ADVANCING PHASE BOUNDARIES. 
Examples of hypoeutectoid and hypereutectoid steels of Fig. r. 


shift of an iron atom on the austenite side 
of the phase boundary to the ferrite side 
of the phase boundary represents a move- 
ment that is relatively small compared 
with the movement of a carbon atom from 
one interstitial position to another. One 
therefore anticipates that the rate at which 
the ferrite grain grows will be determined 
solely by the diffusion of the carbon atoms 
and not by the transfer of the iron atoms 
from the austenite to the ferrite lattice 
positions, except of course in the case of 
very small carbon concentrations. Accord- 
ing to this viewpoint, the position of the 
phase boundary will be determined solely 
by the condition that the free energy be a 
minimum. The rate of advance is just such 
as to maintain the equilibrium concentra- 
tion of carbon on the austenite side of the 
interface. How fast this rate of advance 
must be in order to maintain this equilib- 
rium concentration depends in turn upon 
the rate at which the carbon diffuses away. 


diffusion, together with the condition that 
the phase boundaries move at such a rate 
as to maintain the equilibrium concentra- 
tion just ahead of the advancing boundary. 

The extensions of the phase boundaries 
into the so-called metastable regions have 
just as much physical meaning as have the 
phase boundaries themselves. Such exten- 
sions are illustrated in Fig. 1 for the 
iron-carbon system. Thus, suppose a hypo- 
eutectoid steel of carbon concentration X. 
is quenched to the temperature 7). Free 
ferrite will then begin to grow. The com- 
position of the austenite just ahead of an 
advancing ferrite grain with a plane 
boundary is then given by the value of the 
extension SG’ at 7. Similarly, if a hyper- 
eutectoid steel of composition X,.’ is 
quenched to the temperature T>, free 
cementite will begin to grow. The carbon 
concentration in the austenite just ahead 
of an advancing cementite grain with a 
plane boundary will be given by the value 
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of the extension SE’ at 7:2. Finally, if a 
nearly eutectoid steel is quenched to the 
temperature 73, both ferrite and cementite 
wil) begin to form. If the phase boundaries 
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the system, including the interface energy. 
This condition acts as a severe hindrance 
to the initiation of grains of the new phase. 
The mechanism of this restraint may best 
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Fic. 3.—SCHEMATIC ILLUSTRATION OF VARIATION OF EQUILIBRIUM RELATIONS WITH CURVATURE OF 
INTERFACE SURFACE. 


could be regarded as plane, the austenite 
just ahead of the advancing ferrite and 
of the advancing cementite grains would 
have the compositions given by the exten- 
sions SG’ and SE’, respectively, at T;. The 
modification of the concentrations due to 
the finite curvature of the phase boundaries 
is of precisely the same nature as when the 
ferrite and cementite form above the 
eutectoid temperature where the conven- 
tional equilibrium diagrams are applicable. 


NUCLEATION 


As has been mentioned, the condition 
for growth of a new phase is that such 
growth decrease the total free energy of 


be illustrated for the case of a spherical 
grain. If the radius of a spherical grain 
increases from R to R + AR, the ratio of 
the increase in volume to the increase in 
surface area is (14)R. Therefore the ratio 
of the free energy liberated by the volume 
transformation to the free energy needed 
to increase the interface varies as R. At 
any given temperature below the equilib- 
rium temperature a critical radius will 
therefore exist such that all the free energy 
liberated by the transformation is used up 
in increasing the area of the interface. If 
the radius is smaller than this critical value, 
the total free energy would be increased 
rather than decreased by growth. Grains 




















ne, -hllbee 





Se ee eS 


sae Seneca a Saeed eae eames ceed mec cea 


ets 





554 KINETICS OF THE DECOMPOSITION OF AUSTENITE 


having radii smaller than the critical value 
will therefore become smaller and finally 
completely disappear. 

This thermodynamical argument ex- 
plains the difficulty of initiating the growth 


size in contradiction to the laws of thermo- 
dynamics. This probability may, in prin- 
ciple, be computed. It is proportional to 
exp {—G./kT}, where G, is the free energy 
necessary to form the particle of critical size 
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Fic. 4.— ILLUSTRATION OF MECHANISM OF SPHEROIDIZATION OF PLATE AT THE INITIAL TEMPERATURE 
OF FORMATION. 


of a thermodynamically stable phase, a 
difficulty that is illustrated by the numer- 
ous well-known examples of undercooling. 
A serious problem arises in understanding 
how a grain can ever attain its critical 
size, since, according to thermodynamics, 
smaller grains can only grow still smaller. 
The standard method of resolving this 
problem is by means of the theory of 
nucleation.*-4.34 

According to the science of statistical 
mechanics, thermodynamics tells only 


- what is most likely to happen, not what 


must happen. It is therefore possible, but 
perhaps very unlikely, that a grain may 
grow from atomic dimensions to the critical 


and k is Boltzman’s constant, 3.3 X 1074 
cal. per degree centigrade. Grains of the 
critical size are called nuclei, and their 
formation is called nucleation. 

Two properties of the nucleation factor 
exp {—G./kT} are of particular pertinence 
to the present discussion. The free energy 
G, becomes infinite as the amount of under- 
cooling becomes zero. The explicit expres- 
sion forG, may readily be shown (Appendix 
B) to be 


G. = (1617/3) X G,*/(AG,)? [1] 


where G, is the energy of the interface per 
unit area, and AG, is the free energy 
liberated per unit volume by the transfor- 








CLARENCE ZENER 


mation. The interface free energy is nearly 
independent of temperature, while the 
volume free energy is proportional to the 
amount of undercooling AT. Therefore 


G, ~ 1/AT? [2] 


so the nucleation factor rapidly approaches 
zero as the amount of undercooling itself 
approaches zero. As a consequence, the 
rate of formation of a new phase is always 
zero at the critical temperature, and in- 
creases to a maximum value at some finite 
amount of undercooling. 

The second important property of the 
nucleation factor exp {—G./kT} is its 
extreme smallness. As a consequence of 
this smallness, nucleation will proceed in 
the manner in which the critical free energy 
is a minimum, however improbable such 
nucleation may seem. The condensation of 
water vapor may be cited as a familiar 
example of this deduction. The critical 
free energy of a water droplet. is much 
smaller when the droplet contains an 
electric charge than when it contains none. 
The path of a single high-speed electron in 
a supersaturated vapor may therefore be 
detected by the droplets that condense 
about molecules ionized by the electron. 
Similarly, the critical free energy of a 
precipitate from a solid solution is much 
smaller when the precipitate is adjacent 
to some imperfection than when it occurs 
in a perfect lattice. Grain boundaries con- 
stitute a common type of imperfection. As 
an example of the influence of grain 
boundaries in aiding nucleation, the case 
of cementite precipitating from eutectoid 
austenite will be considered. At 100°C. 
below the eutectoid temperature, the criti- 
cal free energy for a nucleus is 1.0 X 107" 
cal., provided the nucleus is completely sur- 
rounded by an austenite matrix (Appendix 
B). For this case the nucleation factor is 
191,300,000" Tf on the other hand, the 
nucleus is a hemisphere bounded on its 
plane side by a grain boundary, and if the 
interface energy is the same between the 
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new and old phase as between two grains 
of the same phase, the nucleation energy is 
only one half of its previous value. The 
grain-boundary. nucleation factor is there- 
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FIG. 5.— ILLUSTRATION OF ADVANCING PEARLITE 
NODULE. 


fore 107®.9° which is 10°56 times as 
large as for nucleation within the grain. 
The factor 10°.%° is so large as to ensure 
that nucleation will occur at the grain 
boundary rather than in the interior of a 
grain, in spite of the fact that there are 
many more potential nucleation — posi- 
tions within the grain than on the grain 
boundaries. 


KINETICS OF PHASE-BOUNDARY 
PROPAGATION 


The advance of an interface boundary 
may involve only a change in lattice type, 
as in an allotropic transformation of a pure 
metal. The advance may also involve only 
a change in composition, as may occur 
when two elements of the same lattice types 
are completely soluble in one another at 
a high temperature but not at a lower 
temperature. Finally, the advance of an 
interface boundary may involve both a 
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change in lattice type and a change in 
composition. This last case is the most 
common of the three, and is the only one 
that will be discussed here. In this discus- 
sion only a single solute will be assumed to 
be present. 

If the phase boundary remained station- 
ary, the ratio of the concentration of solute 
atoms on the two sides of the interface 
would rapidly approach the equilibrium 
ratio; i.e.,! 


C2/Ci = (B2/Bi)e“Gs-ov/er [3] 


In this equation the subscript refers to the 
phase, 6 is unity in the case of substitu- 
tional solutes, is equal to the ratio of num- 
ber of interstitial positions to number of 
lattice atoms in the case of interstitial 
solutions, and G refers to the standard free 
energy!” of the solute per mol. If the phase 
boundary advances sufficiently rapidly, 
there is not time for an appreciable change 
in concentration on the two sides of the 
interface, and the concentration of the 
solute remains unchanged. 

The equilibrium ratio is essentially 
maintained whenever the rate at which the 
phase boundary advances is limited pri- 
marily by the rate of diffusion of the solute 
atoms away from or toward the advancing 
phase boundary. This situation appears to 
arise in the high-temperature decomposi- 
tion of austenite into free ferrite, free 
cementite, or pearlite. The phase boundary 
can advance without any change in com- 
position only when the temperature is 
sufficiently low so that the free energy of 
the system is decreased by such advance. 
As is discussed later, this situation arises 
in the formation of low-temperature 
bainite. It is also possible that the phase 
boundary advances at such a rate that the 
equilibrium ratio of solute concentration 
on its two sides is partially but incom- 
pletely attained. It will be shown later 
that this is the situation in the formation 
of high-temperature bainite. In such 
an intermediate case, the kinetics of 


the phase-boundary advance is especially 
complex. The simpler case of complete 
equilibrium on the two sides of the phase 
boundary is discussed in detail in the fol- 
lowing paragraphs. 

The variation of the solute concentration 
on the two sides of an advancing phase 
boundary is shown schematically in Fig. 2. 
In computing the velocity of the phase 
boundary Vz, the assumption will be made 
that the density of the solvent atoms is 
essentially the same in the two phases, 
thereby avoiding an irrelevant complica- 
tion. We shall let the concentrations C; 
and C; refer to the number of solute atoms 
per unit volume of the two phases. The 
current density of atoms in the old phase 
away from the phase boundary is then 
given by 


Current density = (C2 — Ci)aVs 


where current density refers to the net 
number of solute atoms that cross a unit 
area in unit time. The current density 
may also be expressed in terms of the 
atomic diffusion coefficient D by the fol- 
lowing equation 


Current density = —D(5C2/5X)s 


where X refers to the coordinate normal 
to the phase boundary and whose positive 
axis extends into the old phase. Combining 
these two equations for the current density 
gives: 


—D 
Ve= GCs (6C2/6X)s —‘[4] 


In certain cases, such as the growth of 
cementite, the concentration C, is fixed. 
In others, as in the growth of ferrite, this 
concentration is to some extent indeter- 
minate. The only unavoidable restriction 
upon C; is that it be such that in no element 
of volume can the free energy be increas- 
ing. Upon applying this restriction to an 
element containing the interface, it is 
found in Appendix A that 


(C; — Cy)e S AG/kT [s] 
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where & is Boltzman’s constant and AG is 
the free energy liberated by the transfer 
of a unit volume of solvent from pure 
phase No. 2 to pure phase No. 1. When the 
equality sign is valid in Eq. 5, no free 
energy is dissipated at the interface bound- 
ary itself as the boundary advances; all the 
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sign in Eq. 5 is valid. This equality sign in 
Eq. 5 will therefore be assumed to be valid 
unless special consideration demands other- 
wise; i.e., 


(C2 — Ci)s = AG/kT [6] 
It is to be noted that Eqs. 3 and.6 are just 
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Fic. 6.—VARIATION OF INTERLAMELLAR SPACING WITH TEMPERATURE, PLOTTED ACCORDING TO 
THEORETICAL EQUATION 13. 
Straight line has slope of —1. Data for eutectoid steel A of reference 11. 


free energy is dissipated by the diffusion 
of the solute atoms ahead of the advancing 
boundary. Eq. 4 and Fig. 2 show that the 
gradient of C; at the boundary increases in 
magnitude with (C;—C,)s faster than 
(C. — C;)pitself. The velocity of the phase 
boundary may hence be seen from Eq. 4 to 
have a maximum value when the equality 


the equations that determine the concen- 
tration of the solute in two phases when 
they are in absolute equilibrium. 


Kinetics oF GROWTH OF NEW PHASE 


The general principles that govern the 
growth of a new phase into an old phase 
have been discussed by Carpenter and 
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Robertson.§ In the present section the 
principles that they clearly enunciated are 
presented in a more quantitative form 
than heretofore. 

The velocity with which every part of 
the phase boundary propagates is given 
by Eq. 4. In this equation the concen- 


tration gradient (6C2/5X)s may be repre- 
sented as the ratio 


—(6C2/6X)s = AC/L [7] 


Here AC is the difference in carbon con- 
centration in the parent phase just at the 
advancing boundary and far away from 
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the boundary. It is this concentration 
difference that gives rise to diffusion. The 
quantity Z has dimensions of length, and 
will in every case be related to some linear 
dimension of the advancing phase. 
Combining Eqs. 4 and 7 gives 


e=G-op OD) 18 
Since in this equation the concentrations 
occur only as a ratio, they may be expressed 
in any desired units. 

From Eq. 8, one may reach certain con- 
clusions regarding the shape of a growing 
grain, conclusions that may also be reached 
from general considerations upon diffu- 
sion.® If the phase boundary were a plane 
of such large extent that diffusion was 
everywhere normal to the plane, the effec- 
tive diffusion distance L would gradually 
increase, thereby lowering the velocity of 
growth. On the other hand, if the phase 
boundary is convex toward the parent 
phase, as it usually is, the effective diffusion 
distance L will be comparable to the radius 
of curvature of the surface. From this fact, 
one therefore deduces that the smaller the 
radius of curvature the more rapid the rate 
of growth. If a grain grew as a spheroid, its 
linear rate of growth would gradually de- 
crease as its size, and hence the radius of 
curvature of its surface, increased. On the 
other hand, a plate may grow edgewise 
and maintain a constant radius of curva- 
ture at the growing surface, and therefore 
also a constant rate of growth. The rate 
at which the thickness of such a plate 
increases will gradually decrease with time, 
as previously explained. An initially plate- 
like grain will therefore remain platelike. 
On the other hand, a growing spheroidal 
grain will not remain spheroidal, for the 
slightest fluctuation from a spherical form 
will grow, resulting finally in a plate. This 
facility with which plates grow edgewise 
compared with the radial growth of sphe- 
roids explains the nearly universal occur- 


rence’ of platelike structures in the initial 
stage of precipitation in solid solutions. 

One might surmise from the preceding 
discussion that the radius of curvature of 
the edge of a plate would continually 
decrease as it advanced. A lower limit to 
this radius of curvature is imposed however 
by the change in equilibrium relation with 
change in curvature of the interface. The 
example of a free cementite plate growing 
in austenite is shown in Fig. 3. It is sup- 
posed that when the steel is at a high 
temperature 7T>) it has a homogeneous 
austenite structure of carbon concentration 
X. When the temperature is now lowered 
to T;, the concentration of carbon in the 
austenite, which is in equilibrium with the 
cementite, is X — ACo, provided the inter- 
face is plane. The maximum concentration 
difference in the austenite just at the 
interface and further away is therefore 
AC». On the other hand, if the interface 
is convex toward the austenite, as it must 
be for continued rapid growth of cementite, 
the boundary of the gamma phase is lower 
than for a plane interface; therefore the 
concentration difference is less than AC». 
Since for small curvatures of interface the 
shift in boundary is proportional to the 
curvature, the concentration difference 
is given by 


AC = (1 — ¢./r)ACo [9] 


where ¢, is the critical radius of curvature 
at which the concentration difference is 
zero. Upon combining Eqs. 8 and 9g, one 
may now determine what curvature the 
edge of an advancing plate approaches. 
This limiting curvature will be such as to 
make the velocity of advance Vg a maxi- 
mum. Since the effective diffusion distance 
L is proportional to the radius of curvature 
r, the radius of curvature will approach the 
value that maximizes the ratio (1 — r./r)/r. 
This value is 27. 

Fig. 3 shows that when the radius of 
curvature of the interface is 2r., the amount 
of undercooling is exactly half its value for 
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a plane interface. Since the change in free 
energy is proportional to the amount of 
under-cooling, we conclude that as the 
plate advances, only one half the available 
free energy is irreversibly dissipated in 
diffusion, the other half remaining as 
interface energy. 

We are now in a position to determine 
how the velocity varies with temperature. 
The concentration difference AC that 
causes diffusion in the parent phase is 
proportional to the amount of undercooling 
AT. The effective diffusion distance L is 
proportional to r., which in turn is inversely 
proportional to AT. Finally, the diffusion 
coefficient varies with temperature as 


[10] 


Upon combining these three factors, we 
obtain from Eq. 8, 


Ve ~ (AT)%e~ 0/27 [x1] 


This velocity is very small at small amounts 
of undercooling due to the small con- 
centration difference AC, which drives the 
diffusion, and to the large distances over 
which diffusion must occur. It is also very 
small for larger amounts of undercooling, 
because of the slow rate of diffusion at low 
temperatures. An intermediate amount of 
undercooling exists at which Vz, is a 
maximum. 


SPHEROIDIZATION 


If only a single grain were growing in a 
matrix, it would continue to extend in- 
definitely. That portion which was extend- 
ing the most rapidly would maintain a 
constant radius of curvature; namely, 
twice the critical radius r.. The growing 
grain would therefore maintain a platelike 
shape. In all actual cases, neighboring 
growing grains eventually impede growth. 
Such an impediment may be taken account 
of phenomenologically by considering the 
concentration of the parent matrix to be 
gradually changing. If the growing phase 
can be regarded as a precipitate, such as 
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cementite, the concentration of the parent 
phase may be regarded as gradually de- 
creasing. Such a decrease in concentration 
will eventually lead to the spheroidization 
of the original plates, even though the 
temperature be maintained constant. The 
mechanism of such spheroidization is dis- 
cussed in the following paragraphs. 

The process of spheroidization may best 
be described by reference to Fig. 4. In this 
figure are drawn the boundaries of the 
parent phase for a series of values of the 
radius of curvature of the interface, the cur- 
vature being taken as convex toward the 
parent phase. The uppermost boundary 
corresponds to a plane interface, the lower- 
most boundary to an interface with the 
critical radius of curvature for the concen- 
tration Xo and temperature 71. If now 
the temperature of the parent phase with 
concentration Xo is suddenly lowered to 
and maintained at 7', the radius of curva- 
ture of the advancing phase will be ro = 2r-, 
as previously explained. This radius of 
curvature is that for which the rate of 
growth is a maximum. As growth proceeds, 
the concentration of the surrounding parent 
phase is gradually reduced by the growth of 
neighboring grains. The critical radius 
of curvature, as well as the actual radius 
of curvature, will therefore increase. Thus 
when the concentration has been. reduced 
to X;, the actual radius of curvature is 
increased to r;, etc. As growth proceeds, 
and the concentration of the parent phase 
becomes reduced, the critical radius of 
curvature will increase so fast that the 
actual radius of curvature will begin to lag 
behind the radius for maximum rate of 
growth; namely, twice the critical value. 
Finally the critical radius of curvature 
will become equal to the actual radius. At 
this time growth ceases at the edges. 
Further growth can then proceed only 
upon the faces. As the critical radius of 
curvature further increases, the edges begin 
to dissolve. Spheroidization has then 
commenced. 
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PURE IRON-CARBON SYSTEM 
FORMATION OF PEARLITE 
The manner in which a single ferrite or a 


single cementite grain grows isothermally 
depends markedly upon whether the tem- 
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cementite nuclei. Similarly, a cementite 
grain growing above the eutectoid tem- 
perature can continue to extend indefinitely 
until impeded by neighboring grains, while 
below the eutectoid temperature it will 
eventually become surrounded by ferrite 
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Fic. 8.—CARBON CONCENTRATION IN AUSTENITE AHEAD OF ADVANCING PEARLITE NODULE, DRAWN 
FOR 700°C. AFTER CONCEPT OF HULTGREN.!5 


perature of growth is above or below the 
eutectoid temperature. If a ferrite grain 
grows above the eutectoid temperature, 
the carbon concentration of the austenite 
immediately surrounding the growing grain 
is along the boundary GS in Fig. 1, and is 
therefore not sufficiently high for cementite 
nuclei to form and grow. The grains there- 
fore will grow indefinitely, given time, until 
impeded by neighboring grains. On the 
other hand, if the temperature is below the 
eutectoid, the carbon concentration in 
the austenite immediately surrounding 
the grain lies upon SG’, and is therefore 
sufficiently high for the formation of stable 


The growth of either a ferrite or a cemen- 
tite grain below the eutectoid temperature 
cannot at present be adequately described, 
since the theory for nucleation in the sur- 
rounding austenite has not been devel- 
oped. 

If the temperature is below the eutectoid, 
and the carbon concentration lies between 
SE’ and SG’, ferrite and cementite nuclei 
may form and grow simultaneously. In 
such cases the cementite and ferrite grow 
as parallel plates, and form what is known 
as pearlite. The laws of formation of 
pearlite are described in the following 
sections. 
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Interlamellar Spacing 


The temperature variation of inter- 
lamellar spacing in pearlite of eutectoid 
composition has been the subject of careful 
experimental study by Mehl and his col- 
laborators.’-!? The pearlite that forms just 
below the eutectoid temperature has com- 
paratively large spacing. This spacing 
decreases continuously as the temperature 
of formation is lowered. The pearlite 
finally becomes so fine as to be unresolvable 
by the microscope. 

The minimum possible interlamellar 
spacing So in eutectoid pearlite formed 
isothermally may be computed by pure 
thermodynamic methods. From the argu- 
ments presented on page 10, it may be 
deduced that the pearlite in which the 
spacing is twice this minimum spacing 
grows the most rapidly. 

In the computation of So, one inquires 
as to what is the condition that the free 
energy of the complete system be lowered 
by the growth of a pearlite nodule. This 
condition is that the free energy released by 
the transformation be more than sufficient 
to supply the energy associated with the 
interface between the cementite and the 
ferrite plates. In order that this condition 
may be expressed in a precise mathematical 
form, a pearlite nodule of interlamellar 
spacing So is considered to be advancing 
into the parent austenite, as illustrated in 
Fig. 5. An equation will be set up which 
says that as the nodule grows the free 
energy remains unchanged in a region that 
includes one cementite and one ferrite 
plate. This volume is indicated by dotted 
lines in Fig. 5, and will be considered to 
have the depth W. When the nodule ad- 
vances a distance dX, the volume of 
austenite transformed in the region under 
consideration is Sp: W - dX, and therefore 
the mass of the austenite transformed is 
pSo* W - dX, where p is the density. The 
free energy that is available at temperature 
T for the formation of new interfaces is 
therefore 
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Available free energy 


T.—T 
=(Q: rT. 








*pSo*W-dX [114] 
where Q is the heat of transformation per 
unit mass and 7, is the eutectoid tempera- 
ture. The increase in the total interface 
area is W~-2dX. Upon taking S as the 
surface energy per unit area, the increase in 
interface energy is given by 


Increase in interface energy 
=2S*W-dX {[11)] 


Equating the available free energy to the 
increase in interface energy, therefore, 
gives 


i.-—T 
ios 





pSo = 2S [12] 
The solution of this equation for the inter- 
lamellar spacing gives 
a 2T.S 
aes pO(T. a T) 
According to Eq. 13, the interlamellar 
spacing is inversely proportional to the 
amount of undercooling. Therefore a plot 
on log paper of the interlamellar spacing 
vs. the amount of undercooling should give 
a straight line with a slope of —1. Such a 
plot is given as Fig. 6, of the data from 
reference 11 for a eutectoid steel. The data 
are seen to be consistent with Eq. 13. 
By extrapolation, one surmises from Fig. 
6 that if pearlite could form at the absolute 
zero its interlamellar spacing would be of 
the order of magnitude of 200A. This con- 
clusion is in violent contradiction to the 
view of Mehl® that the interlamellar spac- 
ing has a heat of activation, and approaches 
atomic dimensions at temperatures not 
far below the nose of the S-curve. The same 
data that were plotted in Fig. 6 have also 
been plotted in Fig. 7 according to Mehl’s 
viewpoint; i.e., the log of So vs. 1/T. The 
experimental points fall upon a straight 
line in this graph, just as in Fig. 6. The 
extrapolation of this plot to lower tempera- 
tures however gives radically different 


[13] 
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results from the extrapolation in Fig. 6. 
Thus at 400°C. the interlamellar spacing 
is given as one Angstrom. A comparison of 
Figs. 6 and 7 illustrates the danger of 





This interfacial tension of cementite in 
alpha iron is nearly twice the reported** 
macroscopic surface tension of steel in air; 
namely, 1500 dynes per centimeter. 
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extrapolating a formula that fits experi- 
mental data over a limited range but that 
has no sound theoretical basis. 

Eq. 13 may now be used to compute the 
interface energy density S. In this equation 
So refers to the minimum interlamellar 
spacing that allows growth. As has been 
mentioned, those nodules grow most 
rapidly whose interlamellar spacings are 
twice the minimum. Therefore the spacings 
given in Fig. 6 may be considered as twice 
the minimum spacing. The equation of the 
straight line in this figure is then 


289° (T. — T) = 0.0017 cm.°C._ [14] 


The experimental value for the heat of de- 
composition of a eutectoid austenite is!* 


Q = 20.5 cal. per gram [15] 


Substitution of Eqs. 14 and 15 into Eq. 13 
leads to 


S = 6.8 X 1075 cal. per sq. cm. 
= 2,800 dynes percm. [16] 


Pearlite C-curve 


A clear picture of the kinetics of the 
edgewise growth of a pearlite nodule was 
first presented by Hultgren,'* and is shown 
in Fig. 8. The concentration of carbon in 
the austenite is greater just ahead of the 
ferrite than just ahead of the cementite. 
This difference in concentration results in a 
diffusion current of carbon in the austenite 
from the ferrite interface to the cementite 
interface, as indicated in this figure. 

Since a growing pearlite nodule does not 
appreciably change the carbon concentra- 
tion of the surrounding austenite at dis- 
tances greater than one interlamellar 
spacing, neighboring pearlite nodules do 
not influence each other’s growth until 
they impinge upon one another. Their rate 
of growth therefore is constant. In the par- 
ticular case where nucleation at the grain 
boundary is infinite—i.e., when the bound- 
ary upon undercooling instantly becomes 
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covered with pearlite growing inwards—the 
time for completion of the reaction in an 
austenite grain is given by 


_ _ Radius of Grain 
7 = Velocity of Growth ‘7 





Upon observing that the heat of activation 
for diffusion of carbon in austenite is® 


@c) 





DIFFUGAN CREEEICIENT (Com2/SEC) 


1000/ T 
Fic. 10.—DIFFUSION COEFFICIENT OF CAR- 


BON IN AUSTENITE, AFTER DATA OF WELLS AND 
MEHL.!* 


36,000 cal. per mol, one therefore obtains 
from Eq. 10 for the velocity of growth at a 
phase boundary in a eutectoid steel, 


Vp ~ e718.007(T, — T)? [18] 


where 7, is the eutectoid temperature. A 
plot of this equation is presented as Fig. 9. 
This theoretical C-curve for infinite nuclea- 
tion rate is precisely of the same shape as 
observed. The nose of this theoretical 
curve occurs slightly above the temperature 


of the nose of the observed C-curve for 
eutectoid plain carbon steels. If due account 
were taken of the fact that the rate of 
nucleation is not infinite, the upper portion 
of the pearlite C-curve would be displaced 
to the right relative to the lower portion. 
This relative shift would lower somewhat 
the temperature of the nose, thereby bring- 
ing the theoretical C-curve into better 
agreement with the experimental C-curve. 

The horizontal position of the nose of 
the C-curve may be computed from Eq. 8. 
The numerator of the first factor refers to 
the excess in concentration of carbon in 
the austenite just ahead of the ferrite over 
that just ahead of the cementite plates. At 
the temperature where the theoretical 
C-curve is at a minimum (630°C.), this 
concentration difference is 1.4 per cent. At 
this temperature the denominator of the 
first factor—namely, the excess of carbon 
concentration in the cementite over that 
in the austenite just ahead of cementite— 
is 6 per cent. The first factor is therefore 
0.23. The diffusion coefficient of carbon in 
austenite at 630°C. may be estimated by 
an extrapolation of the data of Wells and 
Mehl.!* From Fig. 10 this extrapolation is 
seen to give the value 2.5 X 107° sq. cm. 
per sec. The effective diffusion distance L 
will be related to the interlamellar spacing 
So. We shall set 


L = aSo [x9] 


where @ is a numerical coefficient. Although 
the velocities of the ferrite and of the 
cementite plates must be equal, the indi- 
vidual factors in Eq. 8 depend upon which 
type of plate is under consideration. When, 
as in the present case, the cementite plate 
is considered, the effective diffusion length 
L will be comparable to the thickness of a 
cementite plate, so that the coefficient a 
will be comparable to 0.12. Finally, upon 
taking from Fig. 6 the interlamellar spacing 
at 630°C. as 1.8 X 107° cm., we obtain 


Ve = (3.2 X 1075/a) cm. persec. [20] 
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as the velocity at which a pearlite nodule 
advances at 630°C. 

The time for the completion of the reac- 
tion may now be obtained by substituting 
Eq. 20 into Eq. 17. For an A.S.T.M. grain 
size of 4 to 5, the radius of the average 
grain'’ may be taken as 0.004 cm. For such 
a grain size the time for completion of the 
pearlite reaction is, according to Eqs. 17 
and 20, 


Tf = 120 & SCC. 


The experimental value’® for the comple- 
tion time at the nose of the C-curve for a 
plain carbon steel (0.3 per cent Mn) of this 
grain size is 5 sec. In order to bring the 
theoretical and experimental times for 
completion into agreement, it is necessary 
that the numerical constant a@ be 0.04, one 
third the value obtained by identifying the 
effective diffusion distance with the cement- 
ite plate thickness. This value of a@ is suffi- 
ciently close to that predicted from general 
considerations so that one can be confident 
that the picture of growth herewith per- 
sented is essentially correct. A precise 
computation of the time of completion 
would involve a precise computation of the 
time of completion would involve a precise 
computation of the velocity of growth Vz, 
which in turn would require the precise 
determination of the shape of the cement- 
ite-austenite and of the ferrite-austenite 
interfaces, and the solution of the differen- 
tial equations for carbon diffusion from the 
advancing ferrite plates to the advancing 
cementite plates.* 


BAINITE FORMATION 


As previously mentioned, the only condi- 
tion that must be satisfied for the growth 
of a new phase is that such growth be at- 
tended by a decrease in the total free energy 
of the system. It is not at all necessary that 
the old or new phases be in equilibrium 


* Such a computation has first appeared by 
W. H. Brandt: Jnl. Applied Physics (1945) 16, 
139- 
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with one another, or that the end product 
be in a condition of stable equilibrium. Any 
type of phase change whatsoever may occur 
provided such a change be accompanied by 
a decrease of free energy. In other words, 
the phase change that does occur is not 
necessarily the phase change that decreases 
the free energy the most, but rather that 
which proceeds at the greatest rate. As one 
example of this statement, the formation of 
pearlite may becited. Here the end product 
has a much higher free energy in the form of 
interface energy than it need have. How- 
ever, the end product that forms is the 
product that forms the most rapidly. 
Another example occurs when a solid solu- 
tion suffers a change in phase without a 
change in composition. The transformation 
of austenite without a change in composi- 
tion, first suggested by Wever and Lauge,*® 
is discussed in detail in the following 
paragraphs. 

As mentioned above, the only condition 
necessary to enable a transformation to 
proceed is that the free energy be decreased 
thereby. If one mol of iron, in which is dis- 
solved C mol of carbon, transforms from 
austenite to ferrite of the same composition, 
the change in free energy of the system is 


AG = —AGre*~”? + CAGc"™ 


— CTAS<_”™~* [21] 


In this equation AGre *” is the excess of free 
energy of one mol of pure iron in the aus- 
tenite phase over that in the ferrite phase, 
and is given in Table A-1 of reference 1; 
AGc’~* is the excess in standard free energy 
as defined in ref. 2, of one mol of carbon 
in the alpha phase over that in the gamma 
phase, and is approximately 8100 cal. per 
mol; and AS¢”~* is the excess of entropy of 
one mol of carbon when dissolved in aus- 
tenite, which, from considerations given in 
reference 1, may be seen to be R In 3. Upon 
setting AG = o, one obtains an equation 
for the critical temperature below which 
the austenite may transform into ferrite 
of the same carbon concentration. This 
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equation may be most conveniently solved 
for the atomic carbon concentration C in 
terms of the critical temperature. This 
equation is 


AG Fe™ 


C= KGae — TAS - 





A plot of Eq. 22 is given in Fig. 11 as the 
upper boundary of the shaded band. The 


lower boundary of the shaded region repre- 
sents the same equation in which AS,”~* has 
been set equal to zero. The shaded region 
itself represents the uncertainty that exists 
as to whether the change in entropy of the 
carbon atoms should or should not be con- 
sidered. There can be no doubt that this 
entropy change should be considered if the 
transformation proceeds sufficiently slowly, 
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ater Fic. 11.— EQUILIBRIUM RELATIONS IN IRON-CARBON SYSTEM. 
Equilibrium relations between ferrite, austenite and cementite are as derived in reference 1. 
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as certainly it does when the new phase 
arises through grain growth. When, how- 
ever, comparatively large regions trans- 
form, by some sort of lattice distortion, in 
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more properly as bainite before any carbon 
diffusion has occurred. For a check upon 
the manner in which the critical tempera- 
ture for bainite formation changes with 
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Fic. 12.—IDEALIZED TIME-TEMPERATURE-TRANSFORMATION DIAGRAM. 


a time short compared with the time re- 
quired for the carbon atoms to jump from 
one interstitial position to another, the 
entropy term should not be considered. 
The ferrite that forms from austenite 
without a change in carbon concentration 
is to be identified as bainite, or perhaps 


carbon concentration, one must go to alloy 
steels where the pearlite and bainite reac- 
tions may be clearly separated. A compari- 
son of the highest temperatures at which 
bainite forms in 3 per cent chromium steels 
of two different carbon concentrations,**.* 
shows that the bainite curve in Fig. 1 
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agrees very well with experiment (100°C. 
lowering of temperature for an increase of 
carbon concentration from 0.6 to 1.0 per 
cent). The diffusion of carbon within 


TEMPERATURE 











temperature is lowered to the temperature 
at which the steel is being held, the trans- 
formation stops, as indeed it does under 
isothermal conditions at the highest tem- 


AUSTENITE 
+ CEMENTITE 





aie STEEL 


HYPOEUTECTOID STEEL 





CARBON CONCENTRATION 
Fic. 13.— INTERPRETATION OF CRITICAL TEMPERATURES IN FIGURE 12. 


bainite during its formation leads to a 
diversity of structures, which are described 
in the following paragraphs. 

At the highest temperature at which the 
bainite reaction can proceed, the diffusion 
rate of carbon is still fairly high in the 
austenite. It is expected to be much higher 
in the ferrite because in the body-centered 
lattice the interstitial positions are fairly 
close to one another, therefore the poten- 
tial-energy hill separating adjacent posi- 
tions should be comparatively low. This 
diffusibility of the carbon will cause the 
carbon to diffuse out of a growing ferrite 
grain into the surrounding austenite 
matrix, where the free energy for carbon 
is lower. This increase of carbon concen- 
tration in the surrounding austenite, how- 


ever, will lower the critical temperature for . 


the formation of bainite. As this critical 


peratures of bainite formation.'* Further 
transformation may then be obtained only 
by a lowering of the temperature. Such 
increase in amount of transformation with 
a lowering of the temperature has been 
frequently reported in the literature.” 

The enhancement of carbon concentra- 
tion in the austenite immediately surround- 
ing the bainite grain may likewise lead to 
the precipitation of a cementite film sur- 
rounding the banite, thereby preventing 
further growth even at lower tempera- 
tures.24 An example of a bainite grain 
whose growth was so impeded is shown in 
Fig. 14a. 

Suppose, on the other hand, that the 
bainite is formed at such a low temperature 
that the carbon cannot diffuse out of a 
growing bainite grain. If the steel is then 
maintained at the transformation tempera- 











a a i RG A ONL mans 3 tie 


seh Sah tote wih wei 








CLARENCE ZENER 569 


ture for a sufficiently long time, or if it is 


elevated for a shorter time, the carbon 
will precipitate as cementite. The initial 
distribution of the cementite will be in the 





spheroids will be grouped on planes cor- 
responding to the original plates. Such a 
grouping of cementite spheroids may be 
seen in the illustrations of Davenport.** 


Fic. 14.—EXAMPLES OF WAYS IN WHICH CEMENTITE MAY PRECIPITATE OUT OF BAINITE GRAINS. 
X 2500. (Courtesy of Miss Mary R. Norton.) 
S.A.E. steel 4140 water quenched in 34-inch rounds. 2 
a. Bainite plate prevented from further growth by surrounding film of cementite. 
b. Precipitation of cementite as plates within bainite area. 


form of plates (see p. 560). An example 
of such a platelike distribution is shown 
in Fig. 146. If the steel is held at the 
transformation or at a higher tempera- 
ture for a sufficiently long time, the indi- 
vidual plates will spheroidize, as explained 
in the section on spheroidization. These 


In the section upon rate of pearlite for- 
mation (p. 14), the difficulties inherent 
in the computation of nucleation rates 
were circumvented by the assumption of 
infinite nucleation rate at the boundaries. 
For bainite, where to a large extent the 
nucleation presumablv takes place in the 
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interior of the grains, no such simplifying 
assumption can be made. In order to ob- 
tain even a rough estimate of the rate of 
bainite formation, some estimate would 
have to be made of the rate of nucleation. 
The theory has not yet been developed 
from which such an estimate could be 
made. The extensive experimental work 
of Wever and his school (Kaiser-Wilhelm- 
Institut fur Eisenforschung) upon the rate 
of formation of bainite cannot therefore at 
present be compared with theory. 


FORMATION OF MARTENSITE 


It is well recognized that martensite 
forms from austenite by some sort of shear 
mechanism. Whatever the mechanism, 
the free energy of the end product must 
certainly be smaller than the free energy 
of the initial austenite. In computing this 
change in free energy, the slight distortion 
of the martensite from the cubic lattice 
will be neglected, aside from possible 
elastic strains. Since the individual mar- 
tensite needles form so very rapidly, the 
carbon atoms cannot be considered as 
undergoing a change in entropy during 
the transformation. The last term in Eq. 
21 must therefore be omitted. However, 
by the very mechanism by which the 
martensite forms, the lattice must be left 
in a stressed condition. An additional term 
must therefore be added to Eq. 21 to take 
account of this strain energy. If AU de- 
notes this strain energy per mol of trans- 
formed iron, Eq. 21 becomes 


AG = —AGr.*77 + CAG,Y"* + AU [23] 


As for bainite, the critical temperature for 
the formation of martensite is obtained by 
equating AG to zero. The resulting equa- 
tion may be most readily solved for the 
atomic carbon concentration C. This 
equation is 


C = (AGre*”? — AU)/AG.”~* = [24] 


Complete agreement with experiment 
is obtained! for the critical temperature 


for martensite formation, the Ar’ tem- 
perature, by taking the strain energy as a 
constant independent of carbon concen- 
tration. The energy is found in ref. 1 to be 


AU = 290 cal. per mol [25] 


If the strain energy were to be concentrated 
in the martensite itself, and if no plastic 
deformation relieved the stress, the stress 
corresponding to this value of AU would 
be 1,500,000 lb. per sq. in. The assumption 
of constant strain energy may seem con- 
tradictory to experience, since it is known 
that the higher the carbon content the 
higher are the residual stresses. This 
observation is not, however, contradictory 
to the assumption of constant strain energy, 
for the martensite of low carbon concentra- 
tions forms at a comparatively high tem- 
perature where high stresses are quickly 
relieved through plastic deformation. 

The continual lowering of the martensite 
transformation temperature by the trans- 
formation itself finds a ready interpretation 
in the hypothesis that the interference 
of martensite needles already formed 
with the needles being formed raises 
the strain energy AU needed for further 
transformation.!® 


Loss OF TETRAGONALITY OF MARTENSITE 


In the previous section, martensite was 
considered simply as supersaturated ferrite. 
As was first pointed out by Fink and 
Campbell,** the lattice of freshly formed 
martensite differs from the body-centered 
cubic structure of ferrite in that one prin- 
cipal axis is elongated slightly with respect 
to the other two principal axes. Bain** has 
pointed out that the tetragonality of 
freshly formed martensite is due to the 
restraints imposed by the carbon atoms 
upon the transformation of a face-centered 
to a body-centered cubic lattice. 

Fink and Campbell likewise found that 
the tetragonality of martensite is removed 
by tempering at temperatures as low as 
100°C. Two mechanisms have been pro- 
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posed whereby this tetragonality is lost. 
According to one mechanism, introduced 
by Honda and Nishiyama,”* the tetra- 
gonality is lost as soon as the carbon atoms 
diffuse out of their original interstitial 
positions into neighboring interstitial posi- 
tions. According to the second mechanism, 
introduced by Hagg?® and adopted by 
Cohen?’ and his co-workers, the loss of 
tetragonality is merely a reflection of the 
decrease of the carbon in solid solution 
occurring through some sort of precipita- 
tion. These two mechanisms would lead 
to quite different types of cubic ferrite. 
In the first case the freshly formed cubic 
ferrite would have the same quantity of 
carbon in solid solution as the parent mar- 
tensite; in the second, a cubic structure 
would necessarily imply a very low carbon 
content. A satisfactory decision as to 
which of the two mechanisms is correct 
cannot be arrived at merely by more 
precise experiments, for “convincing argu- 
ments can be advanced against either 
mechanism. Rather, a satisfactory solution 
is to be found through a theoretical analysis 
of the stability of the tetragonal structure. 
Before this analysis is presented, the argu- 
ments against the two mechanisms dis- 
cussed above will be given. 

It is generally accepted that the inter- 
stitial positions in a body-centered lattice 
are at the centers of the edges and face 
of the unit cells. These interstitial positions 
do not have cubic symmetry. Of the six 
neighboring iron atoms, two are closer 
than the other four. The line passing 
through the interstitial position and 
through the two nearest iron atoms is 
called the tetragonal axis of the interstitial 
position. This axis may be parallel to any 
one of the three principal axes of the cubic 
lattice. Only one third of these interstitial 
positions correspond to interstitial posi- 
tions of the original face-centered cubic 
lattice; namely, those interstitial positions 
whose tetragonal axes are parallel to the 
axis of compression in the f.c. —> b.c. transi- 
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tion. Therefore, although the carbon atoms 
are randomly distributed among the inter- 
stitial positions of austenite, they will 
have a preferred distribution in the de- 
rived body-centered lattice. It is this 
preferred distribution among the inter- 
stitial positions whose tetragonal axes are 
all parallel that gives rise to an over-all 
tetragonality. If the carbon atoms became 
randomly distributed among all types of 
interstitial positions, the tetragonality 
would disappear. Considerable diffusion of 
the carbon atoms must precede any kind 
of precipitation, and the conclusion appears 
unavoidable that such diffusion would 
cause a random distribution, and therefore 
a loss of tetragonality prior to precipitation. 

An equally convincing argument may be 
advanced against the first proposed mech- 
anism. The tetragonality of martensite 
persists at room temperature for several 
months. On the other hand, the author™* 
points out in a current paper that the 
anelastic properties of steel indicate that 
at room temperature the carbon atoms 
require only about a second to jump from 
one interstitial position to another. 

All these difficulties would be resolved if 
the preferred distribution of carbon atoms 
were the equilibrium distribution. Diffu- 
sion would not then disturb the preferred 
distribution. The carbon atoms would 
simply spend a much longer time in the 
interstitial positions whose tetragonal axes 
were parallel to the lattice tetragonal axes 
than in the other interstitial positions. An 
analysis is given in Appendix C of the 
stability of the preferred distribution, 
and therefore of the orthogonality of the 
lattice. It is found that a critical tempera- 
ture T. exists above which the random dis- 
tribution is in equilibrium, below which a 
preferred distribution is in equilibrium. 
This critical temperature is related to the 
carbon content by the equation 


T. = 1330 X. deg. K 


where X, is the weight per cent of carbon. 
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It must therefore be concluded that in a 
stress-free martensite lattice the initial 
loss of tetragonality occurs by the second 
proposed mechanism; namely, the lower- 
ing, by precipitation, of the quantity of 
carbon in solid solution. Once the concen- 
tration of the carbon has been lowered to 
several tenths of one per cent by weight, 
further loss of tetragonality occurs by the 
first mechanism; namely, the transition 
of the carbon atoms from a preferred to a 
random distribution. 


EFFECT OF ALLOYS UPON 
DECOMPOSITION OF AUSTENITE 


According to the way in which alloying 
elements affect austenite decomposition, 
they may be divided into two classes. 
The elements of one class have qualita- 
tively the same effect upon the S-curve 
as has carbon itself. These elements retard 
the formation of both pearlite and bainite 
by about the same amount, and also lower 
the temperature for the initiation of mar- 
tensite. Mn and Ni are the commonest 
elements of this class. The elements of a 
second class retard the formation of pearlite 
much more than the formation of bainite. 
Molybdenum is the most outstanding ex- 
ample of this class. It thus appears that 
each alloying element has two character- 
istic properties, one of which has a moder- 
ate effect upon retarding all types of 
austenite decomposition, the other of which 
has a specific influence upon pearlite 
formation. 


PEARLITE 


The specific effect of alloying elements 
of the second class in retarding pearlite 
formation appears to be associated with 
their carbide-forming tendency.*® The 
greater this tendency, the more potent is 
the element in retarding pearlite. As an 
example of the magnitude of this retarda- 
tion, the effect of molybdenum will be 
cited: 1 per cent of this element retards by 
more than a factor of 1000 the time re- 


quired for a perceptible amount of pearlite 
to be formed.* 

A current explanation of this retarding 
effect to be found in the literature runs as 
follows.*® The concentration of the alloying 
element is observed to be greater in the 
cementite phase than in the ferrite phase. 
The formation of pearlite is therefore asso- 
ciated with a segregation of the alloying 
element. Since the diffusion coefficient of 
all alloying elements is considerably less 
than that of carbon, such segregation must 
necessarily retard the rate at which the 
pearlite nodule grows. 

As previously stated, all the elements 
that are very effective in retarding the 
formation of pearlite, molybdenum, tita- 
nium, etc., have a considerably stronger 
affinity for cementite than for austenite, 
and also have at most only a slight prefer- 
ence for austenite over ferrite. Therefore 
the free energy liberated by the propaga- 
tion of a pearlite nodule would be increased 
by the presence of these alloying elemefits 
even if they remained uniformly distrib- 
uted. The circumstance that the free 
energy would be still further lowered if the 
alloying elements became segregated in 
no way necessitates that the propagation 
of pearlite be attended by such segregation. 
As discussed in the section on bainite, the 
reaction that takes place is not necessarily 
associated with the greatest liberation of 
free energy, but proceeds at the fastest 
rate. 

This explanation of the retarding effect 
of certain alloying elements leaves un- 
answered the fundamental question as to 
why the propagation of pearlite should 
have to wait for the segregation of the 
alloying elements. It is in fact doubtful 
whether any segregation of alloying ele- 
ments takes place in the immediate vicinity 
of the expanding surface of a ferrite- 
cementite nodule. Such segregation as is 
observed could well take place within the 
nodule during the completion of the 
pearlite formation. 
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Under certain conditions the pearlite 
consists of alternate lamellae of ferrite 
and of a special alloy carbide, which has 
a different structure from cementite.*®-*! 


nucleus must exceed a certain critical 
value before it becomes stable and is able 
to grow. As has been pointed out, this 
critical free energy is less when the nucleus 
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jF ic. 15.—GRAPH FOR SOLUTION OF EQUATION ¢-9. 


The growth of such a pearlite nodule must 
necessarily be accompanied by a segrega- 
tion of the alloying element, and so pro- 
ceeds very slowly. The question still re- 
mains unanswered, however, as to why 
in such cases ferrite-cementite nodules do 
not grow at their customary rate. 

Any phase transformation involves both 
nucleation and growth. From the foregoing 
discussion, the fruitlessness is apparent of 
attempting to seek in growth an interpreta- 
tion of the retarding effect of strong carbide- 
forming elements upon pearlite formation. 
One is therefore led to seek for this inter- 
pretation in the phenomenon of nucleation. 

Nucleation of pearlite always takes place 
at the grain boundaries unless the parent 
austenite has been imperfectly homogen- 
ized. This preference of nuclei for surfaces 
finds a ready interpretation in the fact that, 
as already explained in the section on 
nucleation, the formation of a nucleus 
entails the formation of an interface, and 
as a consequence the free energy of the 


forms at a boundary than when it forms 
in the interior of a grain. 

The same argument that has been used 
to show why nucleation is more prevalent 
at the boundary between two grains than 
in the interior of a grain may be extended 
to demonstrate that nucleation is still more 
frequent along an edge common to these 
grains, most frequent at corners common 
to four grains, and that the more acute the 
corner of any one grain, the more quickly 
will a nucleus be generated therein. 

In any solid solution, when the binding 
between a solute and a solvent atom is less 
than between two solvent atoms, the solute 
atoms tend to congregate wherever the 
lattice is most disorganized. The situation 
is analogous to that of liquid solutions, in 
which the concentration of certain solute 
atoms is greater near the surfaces than in 
the interior. One therefore anticipates that 


. the concentration of alloying elements in 


austenite will be greatest at places that 
are potential nucleation sites—and the 
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more effective are the sites for nucleation, 
the greater will be the concentration of 
alloying elements. If now the concentra- 
tion of a strong carbide-forming element 





tion of bainite and lower the initial tem- 
perature, Ar”, for the formation of mar- 
tensite, and also have at least a normal 
influence in retarding pearlite formation. 
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is sufficiently large, the carbide nucleus 
that forms will not be cementite but will 
be a special carbide with a lattice structure 
different from that of cementite. The 
growth of the carbide grain resulting from 
such a nucleus will be slow, since it will be 
dependent upon diffusion of the alloying 
element. The growth will be sufficient, 
however, completely to eliminate the 
original site as a potential nucleation site 
for cementite. The first additions of strong 
carbide-forming elements, therefore, elimi- 
nate the sites that are most effective in 
nucleating cementite, and therefore retard 
slightly the initiation of pearlite growth. 
Further additions will lead to the elimina- 
tion of the next most effective nucleation 
sites, retarding still more the initiation of 
pearlite growth. 


BAINITE AND MARTENSITE 


All alloying elements, save for the single 
exception of cobalt, both hinder the forma- 


The observation that the order*® of alloying 
elements arranged according to effective- 
ness in retarding the bainite reaction is the 
same order*? with respect to the lowering 
of the martensite transformation tempera- 
ture,* indicates that these two effects are 
closely related. In the martensite reaction 
nucleation apparently is nearly instan- 
taneous,*? the initial transformation tem- 
perature not changing, within experimental 
error, in the range of cooling rates from 
100° to 4000°C. per sec. It therefore ap- 
pears that the influence of alloying elements 
upon both the bainite and martensite 
reaction is not connected in any way with 
nucleation, as in pearlite, but rather with a 
change in the equilibrium temperature 
of the two reactions. 

As previously pointed out, the transfor- 
mation from austenite to bainite and to 
martensite in pure iron-carbon steel is 


* Private communication, J. H. Hollomon. 
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accompanied by no change in carbon dis- 
tribution. Since the diffusion of alloying 
elements is even slower than that of carbon, 
it may safely be assumed that they also 
suffer no diffusion during these two trans- 
formations. This assumption allows a ready 
calculation of the change in transformation 
temperature induced by these elements. 
Let C; be the ratio of the number of 
lattice atoms of type j to the total number 
of lattice atoms, AG;’~* the change in 
atomic free energy when one mol of atoms 
of type j are transferred from the gamma 
to the alpha phase. The ratio of carbon 
to total number of lattice atoms will be 
denoted by C,.. Then the change in free 
energy associated with a_ transformation 
of one mol of lattice atoms and C mols of 
carbon from the austenite to the ferrite 
phase is given by the following equation, 


AG = AGre’~* + 3'(AG;7—"* — AGre?*) 
C; + AGC. + [26] 


where the primed summation refers to all 
lattice-type atoms other than iron. In the 
bainite reaction, @ has a value lying be- 
tween zero and —(RT In 3)C,, in the 
martensite reaction it has the value of 357 
cal. per mol. 

The influence of the alloying elements 
may most conveniently be expressed in 
terms of a horizontal shift of the curve 
for transformation temperature vs. carbon 
content. From Eq. 26, it may be seen that 
this shift is a linear function of the concen- 
trations of the alloying elements, and 
therefore that the shifts are additive. This 
additive effect of different alloying elements 
has recently been suggested by Payson 
and Savage** from their empirical data. 
The effect of a particular alloying element 
of type j with the atomic concentrations 
C; is to shift to the left the curve for trans- 
formation temperature vs. carbon concen- 
tration, by the amount 


AC. = {(AG;"~* — AGr,”~*) 
AG.*~*}C; [27] 


In the derivation of this equation, the last 
term in Eq. 26 has been assumed to be a 
constant. This assumption introduces a 
slight approximation in the case of bainite. 

It may be seen from Eq. 27 that the larg- 
er the quantity AG,;’~%, the greater the 
influence of the alloying element upon the 
banite and the martensite transformation. 
At present the only method of evaluating 
AG; is through its influence’? upon the 
iron-alloy equilibrium diagram. In such 
diagrams the equilibrium relations are 
usually between austenite and nonmagnetic 
ferrite. It is to be expected that the standard 
free-energy change AG;”~** will be greater 
below the Curie temperature than above, 
with the possible exception of cobalt, which 
increases the Curie temperature at small 
concentrations. It is to be expected, never- 
theless, that the order of the alloying ele- 
ments should be the same when arranged 
according to the magnitude of their influ- 
ence upon the bainite and the martensite 
transformation as when arranged according 
to their AG;’~* as measured at higher tem- 
peratures. Table 1 shows that this is true. 


TABLE 1.—Correlation of Effectiveness of 
Elements in Suppressing Bainite Reac- 
tion with Thermodynamical Quantities 





Order of Effective- | . 
ness** in Suppres- C | N(?)| Mn| Ni Cu 

sing Bainite 
a ae Te Psa Se 


| | 
AGY~*, cal. per mol | 8,100, 3,000 2,400) 1,600] 1,280 


a | | | 











As previously mentioned, cobalt behaves 
in an anomalous manner. It actually has- 
tens the bainite reaction, and raises the 
Ar” temperature. An interpretation of this 
anomaly may be found from an inspection 
of the iron-cobalt equilibrium diagram. 
In this the gamma-delta boundary rises 
with increasing cobalt content, while the 
gamma-alpha boundary is nearly horizon- 
tal. Such behavior is evidence that from 
1400° to goo°C. AGo.”~* changes from a 
positive quantity to zero. By extrapolation, 
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one surmises that at the lower tempera- 
tures at which bainite and martensite form, 
AGco’* is a negative quantity. 


TIME-TEMPERATURE- 
TRANSFORMATION CURVES 


In this country the standard method of 
studying the decomposition of austenite 


idealized in that each set of curves is com- 
pletely separated from the other two sets. 
The uppermost two sets are completely 
separated only in high-alloy steel, as in 
high-speed tool steels. In plain carbon 
steels they are interpenetrating, the noses 
of the two sets nearly coinciding. In most 
steels the lower two sets of curves are 

















is to quench the specimens from the aus- 
tenitizing temperature to a lower tempera- 
ture JT, to hold at that temperature for a 
time #, and then to quench to room tem- 
perature. From an examination of the final 
specimens, certain information may be 
gained as to the nature of the transforma- 
tion at the temperature T during the time 
t. The data so obtained are usually utilized 
to construct a diagram of the type repre- 
sented in Fig. 12, called the time-tempera- 
ture-transformation (T-T-T) diagram. This 
diagram will be discussed in the light of the 
preceding pages. The present discussion 
serves in part as a review of. the salient 
features of this report. 

The 7T-7-T diagram of Fig. 12 consists 
of three sets of curves, each set correspond- 
ing to a distinct transformation product. 
Two sets consist of C-curves, the other set 
of nearly horizontal lines. This figure is 


i 
RB) 4 
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Fic. 17.—CRITICAL TEMPERATURE, 


separated to some extent, but never com- 
pletely so. Wherever two sets of curves 
interpenetrate, it is not possible simply to 
superimpose the two sets. In such cases not 
only does one reaction affect the growth of 
the second reaction product, either retard- 
ing or accelerating, but the two reaction 
products may become indistinguishable. 
None of the reaction products represent 
complete equilibrium at the temperature of 
formation. In the first reaction product, 
pearlite, complete equilibrium is attained 
only with respect to carbon. Here the 
carbide phase and ferrite occur as alternate 
lamella growing edgewise into the parent 
austenite. The second reaction product, 
bainite, forms by grain growth from nuclei 
of ferrite of the same composition as the 
parent austenite. During the grain growth 
some carbon diffuses out of the ferrite 
grains into the surrounding austenite 
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matrix. The higher the temperature of 
formation, the freer the ferrite is of super- 
saturated carbon. The third reaction prod- 
uct, martensite, forms by some sort of 
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perature range the time required for growth 
is limited not only by the rate of growth of 
the pearlite nodules but also by their 
nucleation rate. 
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lattice shear, which is homogeneous over 
macroscopic regions of the parent grains. 
This shear occurs so rapidly that there is 
no time for a change in composition. The 
only segregation of constituents that can 
occur in the martensite is that which may 
occur during self-tempering after it has 
been formed. 

In pearlite, and only in pearlite, may 
successive C-curves be obtained essentially 
by a horizontal shift to the right of prior 
C-curves. This essential parallelism of the 
pearlite curves means that the ratio of the 
times required to come to two different 
completions is independent of temperature. 
Thus 10 times as long may be required to 
come to go per cent completion as to come 
to 10 per cent completion. Only slightly 
below the eutectoid temperature are the 
curves no longer essentially parallel. Such 
nonparallelism occurs because in this tem- 


The velocity with which a pearlite 
nodule advances is proportional to the 
diffusion coefficient of the carbon atoms, 
to the difference in the carbon concentra- 
tion in the austenite just ahead of the 
advancing pearlite and cementite nodules, 
and is inversely proportional to the inter- 
lamellar spacing. This difference in carbon 
concentration is directly proportional, the 
interlamellar spacing is inversely propor- 
tional, to the amount of undercooling. 
When these various factors are properly 
considered, theoretical curves are obtained 
for the pearlite transformation, which are 
nearly identical with the observed, except 
for a slight horizontal shift. 

Only in the case of a eutectoid steel is 
pearlite the initial decomposition product 
of austenite. If the carbon concentration 
is greater than the eutectoid, a carbide first 
precipitates. If the carbon concentration is 
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less than the eutectoid, free ferrite first 
forms. The critical temperatures that limit 
the range in which these products form are 
interpreted by Fig. 13. 

In contrast to pearlite formation, bainite 
formation requires no diffusion of carbon. 
While the rate of growth of a pearlite 
nodule is proportional to the square of the 
amount of undercooling for temperatures 
just under the critical, the rate of growth 
of a bainite grain is independent of amount 
of undercooling for temperatures close to 
the critical temperature for bainite forma- 
tion. The upper portion of the initial 
C-curve for bainite is therefore essentially 
horizontal. Although the growth of a 
bainite grain does not require carbon diffu- 
sion, nevertheless at the higher tempera- 
tures of formation carbon diffusion does 
occur—diffusion out of the growing bainite 
grain into the surrounding austenite ma- 
trix. Such diffusion finally stops the growth 
of a bainite grain, by one of two methods. 
The enrichment of the austenite in carbon 
tends to lower the transformation tempera- 
ture of austenite to bainite, a tendency 
that eventually would stop the growth of 
all grains. On the-other hand, the enrich- 
ment of the austenite in carbon immedi- 
ately surrounding the bainite grain may 
give rise to a cementite film, which would 
prevent further growth. However the ces- 
sation of growth of bainite grains occurs, 
it results in all the upper halves of the 
bainite isotransformation curves being 
horizontal. While, as previously mentioned, 
bainite grain growth is not dependent upon 
carbon diffusion, it does require the trans- 
fer of iron atoms from equilibrium posi- 
tions on the austenite side of an interface to 
new equilibrium positions on the bainite 
side of the interface. The rate of such trans- 
fer will decrease with decreasing tempera- 
tures in the same manner, but less slowly, 
than does the rate of carbon diffusion. This 
decrease of rate of transfer of iron atoms 
with decreasing temperature causes the 
lower parts of the bainite isotransformation 


curves to take the same shape as for 
pearlite. 

Freshly formed untempered martensite 
and bainite have essentially the same struc- 
ture; namely, ferrite supersaturated with 
carbon. The tetragonality of the mar- 
tensite, in contrast with the cubic struc- 
ture of bainite and of ferrite, is due to the 
circumstance that in the formation of mar- 
tensite from austenite the carbon atoms 
are left in certain preferred interstitial 
positions. These preferred positions pro- 
duce a strain with tetragonal symmetry, 
all the axes of the preferred positions being 
parallel. The essential difference, from the 
thermodynamical standpoint, of freshly 
formed martensite and freshly formed 
bainite lies in the elastic strains introduced 
during the formation of the former phase. 
These elastic strains require additional 
free energy for their formation, which can 
be obtained only by a lowering of the 
transformation temperature for the aus- 
tenite — martensite reaction below that 
for the austenite — bainite reaction. The 
residual strains introduced by the first 
martensite that forms renders it still more 
difficult; i.e., requires more free energy 
and therefore a lower temperature for the 
formation of further martensite. The mar- 
tensite reaction does not therefore proceed 
isothermally, a continual lowering of the 
temperatures being required for a con- 
tinuance of the transformation. This cir- 
cumstance leads to the isotransformation 
curves for martensite being nearly hori- 
zontal lines. The vertical positions of the 
three sets of curves are determined pri- 
marily by the equilibrium relations. These 
relations are given in Fig. 11 for plain 
carbon steels. Thus the upper boundary 
of the pearlite C-curves is the eutectoid 
temperature. This temperature is raised 
by strong carbide-forming elements such 
as molybdenum, tungsten or chromium, 
and is lowered most strongly by manganese 
and nickel. According to the theory de- 
veloped in this paper, the upper tempera- 
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of the bainite C-curves should be 
within the shaded region of Fig. 11 for 
plain carbon steels, while the temperature 
for the initiation of martensite is given by 
the lowermost of the curves in this figure. 
Theory and experiment are in complete 
agreement for the case of martensite, while 
in the case of bainite the experimental 
data are inconclusive. 

The horizontal positions of the two sets 
of C-curves are sensitive to slight additions 
of alloying elements. The pearlite C-curves 
are especially sensitive to strong carbide- 
forming elements. These elements retard 
the formation of pearlite by covering up, 
with their own carbides, the sites that are 
effective in the nucleation of cementite. 
Other elements, such as manganese and 
nickel, move all the C-curves to the right 
through their effect in lowering the critical 
temperature for the formation of pearlite 
and of bainite. A lowering of the upper 
halves of the C-curves must necessarily 
result in a shift of their noses to the right 


ture 


SUMMARY 


An extended review of the results of this 
report is given on pages 576 to 579, where 
the results are applied to an interpretation 
of the time-temperature-transformation 
diagram. A brief review of the results is as 
follows: 

1. A review is given of the general prin- 
ciples that govern the phenomena accom- 
panying the decomposition of austenite. 
These phenomena include nucleation, prop- 
agation of interfaces, grain growth and 
spheroidization. 

2. The main features of pearlite forma- 
tion are found to be derivable directly 
from fundamental principles. These fea- 
tures include: the variation of interlamellar 
spacing with temperature, the shape and 
the position of the pearlite C-curve, the 
mechanism whereby strong carbide-form- 
ing alloys retard the formation of pearlite. 

3. The formation of bainite is inter- 
preted as a transformation of the face- 
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centered austenite lattice to the body- 
centered ferrite lattice without a change 
in carbon distribution. 

4. Many of the characteristics of bainite 
and of bainite formation are readily deriv- 
able from this interpretation. These char- 
acteristics include: the formation of only a 
limited amount of bainite at the highest 
transformation temperatures, the improve- 
ment in physical properties of low-tem- 
perature bainite over high-temperature 
bainite, the order of alloying elements 
arranged according to their effectiveness 
in retarding the formation of bainite. 

5. Martensite is interpreted as having 
essentially the same structure as untem- 
pered bainite, except that, owing to its 
mode of formation, residual stresses are 
present. 

6. The manner in which alloying ele- 
ments affect the formation of martensite 
is found to be such that, when arranged 
in the order in which they lower the Ar” 
temperature, the order is the same as when 
arranged according to effectiveness in re- 
tarding the bainite transformation. 

7. The transition of martensite from a 
tetragonal lattice to a cubic lattice is inter- 
preted as a change from an ordered distri- 
bution of carbon to a random distribution. 


APPENDIX A 


In this appendix is computed the free 
energy that is liberated within the interface 
itself as it advances. For the purposes of 
this computation, we shall assume the 
solute concentration to be constant on both 
sides of the boundary. 

As a unit area of the boundary advances 
a distance 6X, the change in free energy 6G 
may be written as! 


6G = 6G. vaert ts 5S, [a-1] 
when 6G, is the change in atomic free 
energy (or in standard free energy’), 5S, 
the change in positional entropy. Upon 














zie 














SAS AMERE Mave od 





a ene ne ee er 





580 KINETICS OF THE DECOMPOSITION OF AUSTENITE 


using the notation of the section on page 
565,we obtain 


5G, = {—AG 
+ (C2 — C:)(Gi — G2)} 6X = [a-2] 


Further, upon using the methods in refer- 
ence I, we obtain 


5S, = {R(Ci — C2) 
— k(C2 — Ci) In (82C1/B:C2)} 6X [a-3] 


Upon combining Eqs. a-1 to a-3 and using 
Eq. 3: 


6G = —AG — kT(Ci — C2) = [a-4] 


In order that 6G may be less than or equal 
to zero, it is necessary that 


(C2 — Cy) < AG/kT 
a relation that was used in the text. 


APPENDIX B 


In this appendix an analysis is made of 
the critical size and of the critical free 
energy of a nucleus. 

The free energy liberated by the forma- 
tion of a unit volume of the new phase 
will be denoted by G,, the energy required 
to form a unit area of interface between 
the new and old phase will be denoted by 
G,. The increase in free energy associated 
with the formation of a nucleus of the new 
phase is therefore 


= —VG,+ SG, [b-1] 


where V and S represent the volume and 
surface area of the nucleus, respectively. 
When the nucleus is completely surrounded 
by the old phase, its surface area, and there- 
fore its free energy, is a minimum for a 
given volume when it is spherical. Such a 
nucleus, therefore, may be regarded as 
spherical. Its critical radius is such as will 
make its free energy a maximum. From 
Eq. b-1, this critical radius is found to be 


R, = 2G,/G, [b-2] 


Substitution of Eq. b-2 into Eq. b-1 gives 
for the critical free energy: 


AG, = (169/3)G,3/G,? [d-3] 


As an example of these equations, the 
case of a cementite nucleus will be con- 
sidered. Upon taking the energy per unit 
area of interface between cementite and 
austenite to be the same as between cemen- 


‘tite and ferrite, one obtains, from Eq. 16, 


that G, is equal to 6.8 X 107° cal. per sq. 
cm. Further, upon taking the heat of solu- 
tion of cementite in austenite as 5300 cal. 
per mol,! we find that for a eutectoid steel 
100°C. below the eutectoid temperature 
the free energy G, is 23 cal. per c.c. Sub- 
stitution of these quantities into Eq. )-3 
gives, for the critical radius and the critical 
free energy of a cementite nucleus of a 
eutectoid steel at 629°C.., 


R. = 0.6 X 1075 cm. 
and 
G. 


1.0 X 107" cal. 


respectively. 


APPENDIX C 


In this appendix the conditions will be 
found under which a ferrite lattice with 
carbon dissolved interstitially will spon- 
taneously acquire a tetragonal structure. 
The ferrite lattice will automatically ac- 
quire the structure that renders its free 
energy a minimum. The conditions, there- 
fore, are to be found under which the free 
energy is less in the tetragonal than in the 
cubic structure; that is, less with a pre- 
ferred than with a random distribution of 
carbon atoms. The free energy of a unit 
volume is 


G= U—TS— eo [c-1] 


where U is the internal energy and S the 
entropy per unit volume, and e and go are 
the tensile strain and stress, respectively. 
In the computation of the strain e, the 
reference configuration will be taken as 
that in which o is zero and in which the 
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distribution of carbon atoms is random. 
The condition that the free energy be a 
minimum may be expressed by the follow- 
ing equation 


6G =o [c-2] 


where the variation 6 refers to any small 
change of internal parameters that leaves 
the stress o@ unchanged. This variation 
will be taken as the transfer of a carbon 
atom from an interstitial position whose 
tetragonal axis is normal to the preferred 
axis ( position) to an interstitial position 
whose tetragonal axis is parallel to this 
axis (p position). If VN, and N, represent 
the number per unit volume of carbon 
atoms in these two types of positions, 
respectively, the variation 6 may be 
defined as 


5bN, = 1,6N, = —1 [c-3] 


The corresponding variation in energy U 
is given by 


6U = uy — Un + ode 


where u, and wu, refer to the energy of a 
carbon atom in a # and an » position, 
respectively. The equilibrium equation c-2 
therefore becomes 


lp — tu, = TSS (c-4] 


An estimation of the left-hand member 
of Eq. c-4 may be made if it is assumed 
that it is a function of the tensile strain e 
irrespective of how this strain is obtained; 
e.g. by a tensile stress or by a preferred 
distribution. We start with a random dis- 
tribution and with no stress. The material 
is then subjected to such a tensile stress 
along a lattice principal axis as will produce 
the strain e, the distribution of carbon 
remaining random. The internal energy is 
thereby raised by the amount (14) Ejo0e. 
Next, keeping the strain constant, all the 
carbon atoms are moved to # positions. 
The change in internal energy associated 
therewith is (34)N(u, — un), where N is 
the total number of carbon atoms per unit 


volume. The total change in energy is 
therefore 


(34) Erooe* + (34)N (up — tn) 


The final stress necessary to maintain the 
strain e will be zero if the derivative of this 
energy with respect to e¢ is zero; i.e., when 


E joe + (26)N 8(up “ tn) / be =o 


Since, for small strains, up — #, may be 
taken as a linear function of the strain, 
this equation reduces to 


Up — Un = —Ejoode [c-5] 
where 
d m0) (2g)N, N» id N 


The quantity \ may be interpreted as the 


‘strain introduced by the transfer of one 


carbon atom per unit volume from an m to 
a p position. Eq. 5 was derived for the case 
of complete order (V, = N). Since up — Un 
is a linear function of e, it must be of 
general validity. 

The right-hand side of Eq. c-4, the change 
in entropy associated with the transfer of a 
carbon atom from an m toa p position, may 
be shown by the standard methods of 
statistical mechanics to be given by the 
equation 


6S = —k In (2N,/N,) 


It will be found more suitable to express 
the entropy change in terms of a parameter 
that changes from zero, in the case of 
random distribution, to unity, in the case 
where all carbon atoms are in p positions. 
Such a parameter is given by 


z= (3g) (N,/N — 34) 


In terms of this order parameter 


6S = —kIn (its) [c-6] 


oe 


Combining Eqs. c-4 to c-6 gives: 





E00 Xe = RT In € + 2) [c-7] 
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Case of Zero Tensile Stress 


When no tensile stress is present, 
the strain is proportional to the order 
parameter, 

e = (3g)Ndz [c-8] 


In this case the order parameter itself may 
be interpreted as the ratio of the actual 
tetragonality over the maximum tetrag- 
onality, which occurs in the case of com- 
plete order. Substitution of Eq. 8 into Eq. 
7 leads to 

I + 22 


(2EyooNA?/3kT)z = In —-s 





[c-9] 


The qualitative nature of this solution may 
be obtained from an examination of the 
graph of the right-hand side of this equa- 
tion, presented as Fig. 15. The abscissa 
of the intercept of this curve with the 
straight line (2NEjooA?/3kT)z gives the 
value of the order parameter z at the 
temperature J. When T is above a cer- 
tain critical value T., the only intercept 
is at 2 = 0, corresponding to a random 
distribution of the carbon atom in the 
p and positions. At this critical tempera- 
ture the straight line is tangent to the 
curve at z= 0.33. Therefore, as_ the 
temperature is slowly lowered, the order 
parameter z suddenly changes from o to 
0.33 when the critical temperature is 
reached. The gradual increase of z as the 
temperature is further lowered is shown in 
Fig. 16, obtained by graphically solving 
Eq. c-9. 

At the critical temperature the product 
z In {(1 + 22)/(1 — z)} may be com- 
puted as 2.75. Therefore the critical tem- 
perature is given by 


Te. = 0.243NE 00 A?/k [c-10] 

In order that T, may be expressed in terms 
of the weight per cent of carbon X., the 
following substitutions are made: 

N = 3.92 X 107!X, 

E00 = 1.3 X 10)? dyne per sq. cm. 
X = 1.2 X 10778 
k = 1.39 X 10716 


The result is: 
T. = 1330X- deg. K 


This equation is given graphically in 
Fig. 17. 


CASE OF NONVANISHING STRESS 


A tensile stress parallel to a lattice prin- 
cipal axis will lower the potential energy 
of carbon atoms in # positions with respect 
to ” positions, and therefore will result in a 
preferred distribution of carbon atoms at 
all temperatures. The presence of micro- 
scopic residual stresses will therefore result 
in a smoothing out of the abrupt transition 
shown in Fig. 16. The analysis of the pre- 
ferred distribution in the presence of a 
tensile stress may be carried out by a slight 
modification of the analysis of the preced- 
ing section. Eq. c-8 must be replaced by the 
equation 


e = (34)NXz + Exoo'e 
and therefore Eq. c-9 by 
(2EyooNA?/3kT)z + od/kT = In (er) 


This equation has been solved graphically 
for several values of the ratio ¢/om, where 
Om is the tensile stress that would have to 
be applied to produce the same strain as 
that produced by a transition of the order 
parameter from zero to unity. Thus 


Om = Ey00(2N/3)A 
The solutions are presented as Fig. 18. 
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DISCUSSION 
(J. B. Austin presiding) 


A. R. Trorano.*—Dr. Zener has presented 
an interesting and ambitious treatment of a 
most difficult problem. I shall limit my remarks 
to pointing out some of the more important 
inconsistencies between the theory as stated 
and the experimental facts with reference to 
the decomposition of austenite in the bainite 
and martensite temperature ranges. 

Dr. Zener has adopted the shear type (mar- 
tensite-like) mechanism of bainite formation, 
suggested in various modifications by a number 
of investigators. There is no direct experi- 
mental evidence to indicate that this mecha- 
nism is more probable than say a conventional 
nucleation and growth. It is well recognized 
that bainite does grow, although admittedly 
not nearly to the same extent as pearlite. 
In addition, the bainite reaction has a definite 
period of induction and a reaction rate curve 
that in many respects is similar to that of 
pearlite. In other words, the bainite reaction 
is time-dependent and in this respect com- 
pletely dissimilar to the martensite reaction. 
My view is that the present status of either 
theory or experiment will not allow a definite 
choice. However, for purposes of the present 
discussion it is not necessary that any choice 
be made. 

From theoretical ccnsiderations the author 
obtains a curve (Fig. 11) that gives the rate 


* Professor of Metallurgy, University of 
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of lowering of the critical temperature for 
bainite formation as a function of carbon 
content. Then he purportedly shows that 
good agreement exists with experiment. 
To accomplish this he makes reference to 
two 3 per cent Cr steels of 0.60 and 1.0 per 
cent C. Unfortunately, no 3 per cent Cr, 
0.60 per cent C steel exists in either of the 
references given. It is obvious from the text 
that reference is being made to a 3 per Cent 
Cr, 0.38 per cent C steel. When the proper 
value of 0.38 per cent C is. applied to the 
curve of Fig. 11, no agreement exists. In 
fact, Lyman and Troiano** have recently shown 
experimentally the actual amount of lowering 
of bainite that will occur in a series of seven 
3 per cent Cr steels with carbon contents 
ranging from 0.08 to 1.28 per cent. For the 
case mentioned by Zener (0.60 to 1.0 per cent 
C) the lowering is 50°C., not 100°C. 

The author explains the incomplete nature 
of the bainite reaction by proposing a carbon 
enrichment of austenite following the austenite 
to bainite reaction, which results in lowering 
the critical temperature and the cessation of 
the reaction. An alternative mechanism pro- 
posed by the author is that the increase of 
carbon concentration in the austenite immedi- 
ately surrounding the bainite will produce a 
cementite film around the bainite preventing 
further growth. With regard to the first 
mechanism proposed, no carbon enrichment 
of the austenite (measured by the axial ratio 
of the martensite) has ever been detected in 
any case where the structure is definitely 
bainite alone. From a consideration of the 
experimentally determined rate of lowering 
of the critical temperature with increasing 
carbon content,?* it is obvious that such a 
change would be experimentally detectable. 
For example, see reply to discussion.*4 The 
second proposed mechanism is equally in- 
capable of explaining the incomplete nature 
of the bainite reaction. The absence of a thin 
carbide film is difficult to prove experimentally. 
For purposes of this discussion this is not 


23 T, Lyman and A. R. Troiano: The Influ- 
ence of Carbon Content upon the Trans- 
formations in 3 per cent Chromium Steels. 
Manuscript submitted to A.S.M., June 1945. 

24 T. Lyman and A. R. Troiano: Isothermal 
Transformation of Austenite in One Per 
Cent Carbon, High-chromium Steels. Trans. 
A.I.M.E. (1945) 162, 196. 


necessary. For the sake of argument, let us 
allow (only temporarily) the thesis of a 
carbide film. This means that large volumes 
of unreacted and not enriched (see above) 
austenite will remain after partial reaction. 
The reaction has ceased but the major portion 
of this austenite is no different in carbon 
content than the original. How then does this 
remaining austenite “‘know” that it is no 
longer permitted to react? From the above it is 
obvious that any successful theory of bainite 
formation must consider both the nature and 
rate of nucleation* of bainite. Dr. Zener has 
clearly stated that bainite nucleation theory is 
not sufficiently well developed to handle at 
present. 

The sentence containing Eq. 25, and the 
one immediately preceding are apt to be 
misleading if one does hot refer to Zener’s 
previous paper.** A theoretically derived curve 
for Ar” as a function of carbon content was 
obtained and compared with the experimental 
curve. Agreement was obtained after assuming 
a constant strain energy of 290 cal. per mol 
As Zener points out, the difference was one 
of temperature, and the introduction of the 
concept of a constant strain energy produced 
agreement. 

This leads us to a consideration of the 
interesting case of bainite formation at tem- 
peratures below Ar” (Mg). Upon quenching 
to some temperature below Ar’ martensite 
forms during the quench upon cooling below 
Ar’’. As is now well recegnized, the amount of 
martensite is characteristic of the temperature 
and independent of the time. It follows that 
at least several units of austenite volume must 
have transformed to martensite at essentially 
the bath temperature. Upon continued holding 
at the same bath temperature the bainite 
reaction will start and proceed in its char- 
acteristic manner. Thus one observes mar- 
tensite and bainite both formed at essentially 
the same temperature and each in its own 
characteristic manner. According to the theory, 
there is no difference in the conditions for 

* With certain alloy steel compositions, 
especially in the lower temperature range of 
formation of bainite, the growth of bainite is 
almost negligible. Thus, as an excellent first 
approximation, the reaction rate curve is a 
direct reflection of the rate of nucleation. 


28C, Zener: Equilibrium Relations in 
Medium Alloy Steels. This volume, page 
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the formation of lower bainite (carbon atoms 
suffer no entropy change) and martensite, 
except that of the assumed constant strain 
energy. The author makes this quite clear in 
discussing the application of Eqs. 21 and 23. 
It is not clear how the theory when applied to 
the above case (same bath temperature) can 
make any differentiation between the austenite 
— martensite and the austenite — bainite reac- 
tion. All volumes of austenite are cooled to the 
same temperature; how then, according to 
theory, does a given volume of austenite 
“know” that it must form martensite while 
others must wait awhile and form bainite? 
In fact, it is difficult to conceive of how any 
thermodynamic treatment could make this 
differentiation. 

Let us return momentarily to the assumption 
of a constant strain energy. From this assump- 
tion and the rest of the theory, it necessarily 
follows that the rate of lowering of bainite 
must be equal to the rate of lowering-of Ar’. 
This is not true for 3 per cent Cr steels;?5-2¢ 
the only case for which sufficient experimental 
data exists for a careful check of this type. 

As a matter of general principle, I strongly 
object to the statement regarding the two 
mechanism of martensite decomposition, which 
reads in effect that further experimental work 
on this problem is useless and that the answer 
can be found only in a theoretical analysis. A 
theoretical analysis is welcome but further 
experimental work should not be discouraged. 
The value of any theory can be judged only 
in so far as it either explains existing experi- 
mental facts or predicts future ones; and thus 
can be both a guide and a stimulus for planning 
future experimental work. 

It is not precisely clear what the author 
means by a random interstitial solid solution 
of carbon in austenite. It is generally accepted 
that the carbon atoms occupy the octahedral 
(largest) interstices in austenite.*’ It is logical 
to presume that, although there is never 
sufficient carbon to fill all these interstices, 
the carbon atoms will arrange themselves in as 
orderly a fashion as possible, attempting to 
get as far from each other as possible. The 


2° E. P. Klier and A. R. Troiano: Ar’’ in 
Chromium Steels. Trams. A.I.M.E. (1945) 162, 


175. 

27 N. J. Petch: The Positions of the Carbon 
Atoms in Austenite. Jnl. Iron and Steel Inst. 
(1942) 145, 111. 
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selective nature of the carbon interstitial 
positions necessary to produce tetragonality 
is well known and has been recently con- 
sidered by Petch.** In an interesting discussion 
to Petch’s paper Lyman®® applied the experi- 
mentally determined shear mechanism of 
Greninger and Troiano*® for the formation of 
martensite. It was shown that the carbon 
atoms are “carried along”’ (no diffusion) with 
the shear, from the accepted positions in 
austenite to those for martensite. Thus, with 
carbon atoms orderly arranged in the accepted 
austenite interstices, it is quite .logical to 
expect a selective distribution of carbon in 
the accepted martensite interstices. 

Any successful theory of austenite decom- 
position must explain the phenomenon of 
stabilization. This is true especially because 
many of the phenomena attributed to carbon 
enrichment are actually cases of austenite 
stabilization. For example, Lyman and Troi- 
ano*’ have recently shown that it is possible to 
retain gamma (austenite) in an alloy of 3 per 
cent Cr plus Fe after partial reaction. This 
alloy does not retain gamma after a direct 
quench. Obviously, carbon enrichment cannot 
account for this phenomenon. 

Finally, I should like to call attention to an 
investigation by Johansson,*! which, to the 
best of my knowledge, represents the first 
recognized direct applicability of fundamental 
physical principles (thermodynamic) to the 
problem of austenite decomposition. Dr. 
Zener would make a distinct contribution if 
he would comment on this work, especially 
since Johansson’s approach to the problem 
was the same (thermodynamic) as Zener’s. 


W. H. Branpt.*—The author is to be 
commended for his courage in attacking the 
theory of austenite decomposition in such a 
vigorous and catholic manner. The formation 
of pearlite, the formation of bainite, the 
formation of martensite, time-temperature 


28 N. J. Petch: The Structure of Martensite. 
Jnl. Iron and Steel Inst. (1943) 147, 221. 

2° T, Lyman: Discussion to reference 28. 

309A. B.-Greninger and R. Troiano: 
Mechanism of Martensite Formation. Trans. 
A.I.M.E. (1941) 145, 291. 

31C. H. Johansson: Basic Thermodynamic 
Interpretation of the Process of Austenite- 
Martensite Transformation. Archiv -Eisen- 
hiittenwesen (1937-38) 11, 241. 
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transformation curves and nucleation are all 
covered in this paper. Each of these topics is a 
complex and puzzling field for theoretical 
investigation and to cover all of them in a 
single paper is an ambitious undertaking, to 
say the least. 

It is probably only natural that in covering 
so many subjects, many of the derivations 
are so brief as to be quite difficult to follow, 
so that the reader gathers the impression 
that not all of these derivations have been 
worked out with sufficient rigor. 

In this discussion, attention will be called 
to a number of points that should be developed 
with more precision or else require somewhat 
more detailed clarification. Incidentally, these 
remarks will refer chiefly to that portion of 
the paper dealing with the formation of 
pearlite. On page 556, the author’s Eq. 4 is: 
Ve = Gay SC/SX) a. This equation 


is merely the mathematical statement of the 
fact that precipitation occurs at a growing 
interface at the rate at which the precipitating 
element arrives at that interface. 

The equation as written is precisely true 
only when the interface is at right angles to 
and is growing in the opposite direction to 
the gradient. 

When the interface is not at right angles 
to the gradient, a more general equation 
applies, which may be found in a paper 
published in March 1945.32 Furthermore, 
the author does not seem to recognize the 
fact that an equation of the type of Eq. 4 
should apply to each point of the growing 
interface between cementite and austenite 
and between ferrite and austenite. In other 
words, the carbon gradient and carbon con- 
centration vary from point to point along the 
interface and at each point an equation the 
type of Eq. 4 is obeyed, and it would seem, 
therefore, a questionable procedure to write 
a single equation and treat the gradient or the 
carbon concentration, as constant. 

In connection with Eq. 4, the author makes 
the following statement: ‘‘In certain cases, 
such as the growth of cementite, the con- 
centration C; is fixed. G, in the case of cemen- 
tite would correspond to the concentration of 
carbon in cementite. In others, as in the 


32 W. H. Brandt: Jnl. Applied Physics (1945) 
16, 139. 


growth of ferrite, this concentration is to 
some extent indeterminate.” 

It would appear that C, can be interpreted 
as the solubility of carbon in ferrite and it is 
not clear why this was not done directly. In 
other words, there seems to be little reason 
for writing equations such as Eq. 5 and Eq. 6, 
derived on the basis of thermodynamic 
arguments unless one can show that there is 
reason to doubt that the values for C2 and C, 
as derived from the equilibrium diagram are 
correct when one is dealing with a process of 
growth. Thermodynamic expressions, such 
as Eq. 5 and Eq. 6, would be more properly 
used in evaluating or determining equilibrium 
diagrams, to substitute them for numerical 
data appears to be a misuse of such relations. 

On page 557, the following statement is made: 
“Eq. 4 and Fig. 2 show that the gradient of C; 
at the boundary increases in magnitude with 
(C: —C,)p faster than (Cz — C:)g itself. 
Eq. 4 contains the unknown Vg which, in 
fact, is the quantity that is to be determined 
by the theory and therefore must be treated 
as an unknown. Fig. 2 is entirely schematic 
with respect to the carbon concentration near 
the ferrite and cementite interfaces and 
therefore with respect to the carbon gradients 
in the same neighborhood, and it appears 
injudicious to derive a semiquantitative 
relation between carbon gradients and carbon 
concentrations on the basis of this equation 
and this figure. 

In Eq. 7, the author sets the concentration 
gradient of Eq. 4 equal to C/L. This gradient 
is treated as a sort of average gradient govern- 
ing the whole growth process. If such a concept 
of an average gradient is to be used at all, 
it would be better to define the concentration 
difference as that existing in the austenite 
between the centers of the ferrite-austenite 
and cementite-austenite interfaces. Correspond- 
ingly, it would be better to define L as one 
half the interlamellar spacing rather than as 
one half the thickness of the cementite lamella. 

The author is quite correct in calling atten- 
tion to the fact that the carbon concentration 
ahead of a growing interface will depend on 
the curvature of that interface. As mentioned 
earlier, if Eq. 4 is correct, the interface is 
everywhere at right angles to the gradient and 
the direction of growth, and it is therefore 
plane. 
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In other words, in writing such an equation, 
one has implictly made the assumption that one 
is deaJing with plane interfaces. Nevertheless, 
this equation is combined with results derived 
from the assumption of a uniform radius of 
curvature r at the interface. 

Actually, either of these assumptions in- 
volves an inherent mathematical difficulty, 
since, if either one is true, the carbon con- 
centration will be constant over both the 
cementite-austenite interface and the ferrite- 
austenite interface, therefore there will be a 
discontinuity in the carbon concentration at 
the point where austenite, cementite, and 
ferrite join. 

The question should also be raised whether 
it is justified to extrapolate a curve developed 
on the basis of a mechanism of pearlite growth 
into the region where lamellar pearlite clearly 
does not form. This was done in Fig. 9. It is 
commonly agreed among metallurgists that 
bainite formed below the knee of the curve 
involved some quite different mechanism than 
formation of pearlite and, as a matter of fact, 
this is quite conclusively shown by the work of 
Smith and Mehl.* 

Some reason should be given by the author 
for not comparing the results of his calculation 
with the directly measured growth rates that 
are available in the literature.** To compare 
results with the upper section of the time- 
temperature transformation curve is a rather 
dubious way of confirming the correctness 
of a theoretical equation since these curves 
are affected by nucleation rates. 

The disagreement of the author with the 
theory that alloying elements retard formation 
of pearlite because they must diffuse to the 
cementite while the pearlite is growing, thus 
requiring a longer time, appears to be sound. 
His picture of the effect of alloying elements on 
nucleation rates is not convincing, since pre- 
cipitation of a complex carbide at a point of 
potential nucleation would be likely to aid 
rather than retard the nucleation process. 

These are a few of the specific points upon 
which it is felt that improvement in -this 
paper would be possible. The paper also has 


33C,. V. Smith and R. F. Mehl: Lattice 
Relationships in Decomposition of Austenite 
to Pearlite, Bainite, and Martensite, Trans. 
A.I.M.E. (1942) 150, 211. 

34 Hull, Colton, and Mehl: Trams. A.I.M.E. 
(1942) 150, 185. 
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the general weakness that in calculating the 
velocity of growth, which certainly in the 
case of pearlite involves diffusion, the diffusion 
equation is completely ignored and little 
attention is given to the boundary conditions 
that must apply. 


R. F. Ment.—The theoretical problems 
involved in the decomposition of austenite 
are many, and in some respects of extra- 
ordinary difficulty. Certainly this paper 
deserves and requires much attention. We 
need the point of view that Dr. Zener can with 
facility bring to such problems. The paper 
invites an almost interminable discussion. 

I think many readers would be pleased if 
references were handled somewhat differently. 
Many of the ideas are old, but the paper is 
not documented to show this. To take a few 
examples: The extrapolation of equilibrium 
lines into fields of instability is old, going 
back at least to Miers and Isaacs in 1907. 
The variation of carbon concentration as 
shown in Figs. 2 and 8 is likewise old; the 
assumption of an initial formation of ferrite 
in bainite of a carbon concentration unchanged 
from the original austenite is old. These are 
but a few examples. I am inclined to think that 
a proper regard in this sense for the history 
of a subject is essential, especially when 
theories are proposed, not in order to assign 
credit but so that the record may show the 
origins, and so that the interested worker 
may then be able to inspect the original 
evidence and weigh it, and finally so that the 
reader may be able clearly to distinguish 
between accepted theory and fact and that 
which the author newly proposes. 

After having lectured my own students 
for some years on the dangers inherent in 
extrapolation, I am somewhat shocked to be 
taken to task by the author (pp. 562 and 563). 
He observes that Eq. 13 for the dependence 
of the interlamellar spacing on temperature 
is “in violent contradiction to the view of 
Mehl that the interlamellar spacing has a 
heat of activation,” by which is meant that the 
logarithm of the spacing was plotted against 
1/T. And on page 14 he states that extra- 
polating this curve on an exponential plot 
‘illustrates the danger of extrapolating a 
formula over a limited range but that has no 
sound theoretical basis.” And then, sur- 











SS ends aad 





eae ae 














588 KINETICS OF THE DECOMPOSITION OF AUSTENITE 


prisingly, where I had in the early history of 
this subject, when only approximations of 
the spacing were available—not the data 
plotted in Fig. 7—suggested this extrapolation 
of the spacing curve some 65°C., the author 
proceeds to extrapolate his curve some 870° 
to the absolute zero! 

In 1938 it was not foolish to suggest an 
exponential plot, for several features of the 
process of the formation of pearlite were 
recognized as exponential in nature; indeed, 
that early paper stated that the plot “will 
probably be found to be not wholly correct 
when better data are available (page 34);”’ 
in subsequent papers, particularly the one 
by Pellisier, Hawkes, Johnson and myself 
in 1942, the data from which the author 
employs, where the interlamellar spacing was 
measured with as much care and precision 
as possible, it was shown that the logarithm 
of the interlamellar spacing could be plotted 
against 1/T (the exponential plot), or against 
T, or against the degree of undercooling 
(which the author selects), and it was shown 
that the data are not precise enough to allow 
a choice among these, thus rendering all 
extrapolation foolish. 

The author should have quoted this. 
Spacing data thus cannot be said uniquely 
to support the plot in Fig. 6, and thus do not 
lend appreciable support to the author’s 
presumably ‘‘sound theoretical”’ basis. Fig. 7, 
the so-called Mehl plot, is, I fear, a straw 
man. I would not be willing myself to argue 
for one type of plot. I might observe, however, 
that results on pearlite spacing in fine pearlite 
as seen under the electron microscope, first 
published in 1941 and since in 1944, have dis- 
closed minimum spacings of 300° to 500°A. 
This pearlite, definitely recognizable as pearlite, 
could not have formed in plain carbon eutectoid 
steels much below 570°C. If these values are 
introduced into Fig. 6, they are clearly not 
on the author’s extrapolated curve. Perhaps 
the author should have considered these data, 
for they have been available. It is interesting 
to note that they do fall upon the exponential 
plot in Fig. 7. 

Fig. 9 plots a ‘‘theoretical pearlite C-curve 
for infinite rate of nucleation.” Let the unwary 
beware, for what is in fact plotted is a cal- 
culated rate-of-growth curve, not a curve of 
the rate_of formation of pearlite. It is well 


recognized that the pearlite C-curve or S-curve 
is determined by the rate of growth and the 
rate of nucleation. An assumption of an 
infinite rate of nucleation is, as the author 
states, purely a circumvention. It is a device 
to avoid nucleation as a factor: the rate of 
nucleation is much the more important factor. 
On growth alone there would be no effect of 
austenite grain size on the rate of formation 
of pearlite, nor of austenite heterogeneity. 
Nor is there any basis to believe that growth 
alone would give even correct values of rela- 
tive hardenability in these two steels. 

I know that the author is aware of this, 
but being so, it would have been better to 
call that curve simply ‘‘a calculated rate of 
growth.” Incidentally, it is strange that no 
comparison was made between these calculated 
values of the rate of growth and the measured 
values reported some time ago. Instead, the 
author uses (pp. 564-565) the time of 
completion of reaction at the nose of the 
S-curve for a steel with 0.30 per cent man- 
ganese, from which a very rough approxima- 
tion of the rate of growth is taken. Manganese 
is very powerful in small amounts in changing 
the value of the rate of growth, as might be 
expected, and as the measurements quoted 
show. Inasmuch as the author’s method does 
not provide a calculation for the effect of 
alloy, it would have been better to use data 
on the time of completion at the nose for a pure 
steel, for which the time is in the neighborhood 
of 2 sec. instead of 5. This would reduce his 
value for alpha still further to 0.02. But it would 
be even better to compare the results of Eq. 20 
with measured values. Taking the measured 
rate of growth at 630° in a pure steel as 
6 X 10-*, and accepting alpha as o.12, the 
calculated rate of growth is only 149 the 
observed. 

Evidently alpha is of uncertain significance. 
It should be said, however, that Eq. 18, which 
gives the temperature variation of the rate 
of growth, will, if the constant introduced to 
provide an equation is calculated from one 
measured value, furnish a very nice check 
with the observed variation of the rate with 
temperature. This is true for measured values 
on a pure steel; the check is poor for commercial 
steels, as would be expected from their impurity. 

As I understand it, there is no apparent way 
in which the effect of alloy upon the rate of 
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growth of pearlite may be calculated. At 
this point, the author changes his argument 
to nucleation, proposing that alloy elements 
concentrate at grain boundaries and corners, 
inhibiting nucleation in some way. The 
possibilities of ‘such a concentration were 
pointed out originally by Gibbs, who showed 
that the effect should occur when such a 
concentration would lead to decreases in 
surface energy. Is there any evidence for 
this in austenite? 

Finally, as to the calculation of the energy 
of the cementite-ferrite interface on page 14. 
The statement at the top of the second column 
does not have the candor it should: the ex- 
perimental value to which the calculated 
value is compared is, as reference to the 
A.S.M. handbook will show, to cast iron 
(not steel), and to liquid cast iron at 1400°C. 
What bearing such a value may have upon 
the solid-solid ferrite-cementite interface en- 
ergy, I cannot say, but I would like the author 
to try to do so. 

The statement that the interface energy 
is nearly independent of temperature is wholly 
an assumption. Both Volmer and Becker 
assume a variation; but without knowledge 
of interface energies we are, of course, also 
without knowledge of their variation with 
temperature. The whole theory of nucleation 
and growth, especially nucleation, has been 
stultified by lack of any information on solid- 
solid interface energies—to my knowledge 
they have never been measured. 

I am inclined to think that real progress in 
this field will continue to depend upon careful 
experimental work; in the case of nucleation 
it would be very useful to so many problems 
in physical metallurgy if the physicist would 
devise a method to measure these surface 
energies. If this could be done, the problem 
could be taken out of the realm of pace hypo- 
thesis, and this much to be desired. 

The problem of bainite is attacked in a 
new and highly interesting way.. We have 
needed an explanation of why bainite forms 
only within a certain temperature range. 
The author now provides a method of cal- 
culating the upper temperature limit. Is 
there some way by which this may be tested 
further? What would constitute a rigorous 
check against experimental values? Apart 
from the thermodynamics, the method involves 


an assumption that the first bainite nucleus 
contains the same carbon in solid solution 
as the austenite from which it formed, an 
old idea, due originally, I believe, to Daven- 
port, for which we still have no experimental 
proof. 

The calculation of the upper temperature 
limit for martensite, the Ms point is new also. 
The fundamental equation in the latter case 
is identical to that for bainite, except that a 
strain energy term is added. If this is done in 
the latter case, why not in the former, for 
it would appear that the mechanism is assumed 
to be the same in the two cases? Apart from 
strain energy, what difference can there be 
between the nucleus of bainite—assumed as 
ferrite supersaturated in carbon—and mar- 
tensite, which is also ferrite supersaturated 
in the carbon? 

It should be observed that the treatment 
given for bainite is not truly kinetics, for 
there is no quantitative treatment of iso- 
thermal rates; indeed the only true kinetics 
in this paper is that relating to the rate of 
growth of pearlite in pure steels; the paper as a 
whole should probably be entitled differently. 

As we might view today’s session, our posi- 
tion would seem to be as follows: We have 
two methods by which the rate of growth of 
pearlite may be calculated. These methods 
seem different, and an effort should be made to 
reconcile them. 

We have no way, unless Dr. Brandt’s 
methods suffice, of calculating the effect of 
alloy content upon the rate of growth of 
pearlite: we have no method whatsoever for 
explaining and calculating the isothermal 
rate of formation of bainite; we have no 
theoretical method of treating the basically 

"important factor of the rate of nucleation in 
pearlite; and we are not sure that the forma- 
tion of bainite should be considered as a 
nucleation and growth process. 

Indeed, our progress in theoretical kinetics 
of the decomposition of austenite is small, 
apart from the success in calculating the 
rate of growth in pure steels. But the problem 
is in fact extremely difficult. As against these 
deficiencies in kinetics, we have a new point 
of view on the factors that limit the tempera- 
ture ranges in which bainite and martensite 
can form. These points of view should certainly 

be explored. 





eg ee 











Sars 
aie 














59° KINETICS OF THE DECOMPOSITION OF AUSTENITE 


Having written this discussion, and having 
thought of all of the years I have sat at meet- 
ings and listened to discussions, most of which 
start with compliments to the authors, it 
occurred to me you might be interested in 
hearing a brief quotation from a famous 
American scientist, Benjamin Franklin: 

“Nothing certainly can be more improving 
to a Searcher into Nature, than Objections 
judiciously made to his Opinions, taken up 
perhaps too hastily: for such Objections 
oblige him to restudy the Point, consider 
every Circumstance carefully, compare Facts, 
Make Experiments, weight Arguments, and 
be slow in drawing Conclusions. And hence a 
sure Advantage results; for he either con- 
firms a Truth, before too lightly supported; 


_ or discovers an Error, and receives Instruction 


from the Objector. In this View I consider 
the Objections and Remarks you sent me, 
and thank you for them sincerely.” 


C. Crussarp.*—Among all the very im- 
portant and interesting things Dr. Zener has 
told us, I would like to emphasize the role 
of internal stresses that he has invoked to 
explain the laws of martensite’s formation, 
and also that of plastic glide. 

Thermodynamics tells us whether a trans- 
formation is possible, but does not explain 
its submicroscopic mechanism. When mar- 
tensite transformation occurs, the atoms swing 
from a position of relative minimum free energy, 
corresponding to the gamma lattice, or another 
relative minimum corresponding to the mar- 
tensite. This requires an additional energy 
(activation energy) to jump over the relative 
maximum between those two states; this 
extra energy can proceed from two causes: 


thermal motion, as in many transformations, * 


or high local stresses (as in slip dislocation). 

As Dr. Zener has told us, we are obliged to 
assume that the very high stresses due to the 
martensite formation are released by plastic 
deformation. 

I think that the role played by plastic glide 
is even more important, being not only con- 
sequence but often cause of the martensite 
formation. It is well known that martensite 
can be formed by plastic deformation of Had- 
field or 18-8 steels. Mr. Idivet and myself 


* School of Mines, Paris, France. 


have studied the matter. As the general laws 
are not yet very certain, nothing has been 
published of those experiments at the present 
time. I can tell you, nevertheless, that we found 
the amount of martensite increasing more 
rapidly than proportional to the strain (elonga- 
tion) showing not only that the glide produces 
martensite but that the martensite formed 
has a stimulating effect on the phenomenon, 
so that the connection between martensite 
formation and g ide must be very close. 

The martensite produced in these experi- 
ments was in form of needles, along (111) 
planes (slip-plane, in austenite) which, for 
small strains, could be resolved in separate 
points. [This had already been observed by 
Farlew and McCreery, Metals and Alloys 
(1941) 692.] 

Let us now consider the relations between 
orientation of martensite platelets and atomic 
movements during the transformation. 

Many authors have found that martensite 
forms in (111) planes, but some others have 
found (133) planes, or approximate (124) 
planes (Greninger and Troiano). If we assume 
the generally accepted Kurdjumow-Sachs 
shear theory of martensite formation, we 
can find a rather good explanation of those 
complex orientations: calculating in the case 
the plane of maximum shear strength (related 
to austenite lattice), I found a plane having 
the generalized Miller’s indices (1-2.35-2.67). 
This gives rise to a trend for shear-glide along 
such planes. As there are no crystal lattice 
planes, the glide will occur either on the 
nearest (111) plane, or on still nearer planes 
as (133)(123) or (124), where the glide is 
much more difficult. The glide so initiated at 
one point will extend a little further and 
facilitate (or cause) the martensite formation, 
either on (111) plane, or more complex. The 
fact that the martensite platelets are often 
formed in the (111) slip planes seems to move 
the role played by slip in the propagation of 
the martensite transformation. We must 
rather think we observe a complex glide- 
martensite process. 

If we now consider the magnitude of the 
shear strain, we see that the martensite forma- 
tion corresponds to a unit shear of 0.35, and 
the glide 0.6, so that the martensite formation 
is likely to initiate before the glide, if no 
external tresses (or interna] stresses due to 
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quenching) is applied. The glide would play 
its role afterward. 

This unit-shear of 0.35 gives rise to a stress 
of about 4,000,000 lb. per sq. m., a higher value 
than the one given by Dr. Zener in his paper on 
Kinetics of the Decomposition of Austenite, 
page 570. The discrepancy between the two 
values probably occurs because the martensite 
initiates in place where the lattice structure 
is imperfect. This is quite probable if one 
thinks of the relation between glide and 
martensite and the fact that slip-dislocations 
also initiate in points of lattice imperfection 
(see Orowan’s theory). 

Most of the things I have said are rather 
hints than certainty, but I think it important 
to know there is surely a relation between 
martensite formation and glide, and that 
martensite is very probably formed in places 
of imperfect lattice structure, sometimes 
by thermal motion, sometimes by stresses 
(internal or external) or by both. 


E. P. Kirer.*—The discussion developed 
under Equilibrium Diagrams is based on the 
acceptance of the theory of nucleation and 
grain growth, as explained in a subsequent 
section. However, if pearlite formation were 
considered as based on the operation of some 
other transformation mechanism, it might 
well be that the compositions determined by 
the extension of phase boundaries into the 
unstable regions have little or no significance. 

In the development of the notion of nuclea- 
tion an inherent contradiction, which has 
been of concern to several investigators, is 
involved. In its fundamental aspects the 
problem thus arising is very important, but 
need not be considered here; the assumption 
being allowed that nucleation as described 
may take place. To allow the formation of 
pearlite, then, carbon concentration gradients 
ahead of the ferrite and carbide plates must 
conform essentially to the conditions shown 
in Fig. 2. From the discussion, two important 
conclusions are immediately obtained: 

1. Pearlite formation progresses at the 
maximum possible rate when no alloying 
element is present, unless that alloying element 
accelerates the rate of diffusion of carbon 


* Research Metallurgist. School of Mineral 
Industries, Pennsylvania State College, State 
College, Pennsylvania. 


while remaining uniformly distributed through 
the transformation products. 

2. Composition adjustments (carbon) take 
place because of the concentration gradients 
existing ahead of the ferrite and carbide plates, 
so must be confined to a zone ahead of the 
advancing interface of width comparable to 
the interlamellar spacing. 

Experimental data whereby both of these 
conclusions may be tested are available. 

It is recognized that cobalt accelerates the 
rate of austenite decomposition throughout the 
subcritical range.*5* Thus the presence of 
cobalt in a steel brings about the formation 
of pearlite at a higher rate than obtains for a 
plain carbon steel. The effect of cobalt content 
on the diffusion characteristics of carbon in 
the low-alloy range is debatable; however, 
it appears safe to assume that small additions 
of cobalt retard diffusion of carbon—thus 
lower the diffusion coefficient. Since cobalt 
steels transform to pearlite in a manner not 
logically to be anticipated, it may well be 
that the postulated mechanism of trans- 
formation is inadequate. 

The recent work of Lyman and Troiano*’ on 
a steel containing 9 per cent chromium and 1 
per cent carbon is of importance in the consider- 
ation of the second point. These investigators 
were led to the conclusion that in the steel 
studied carbon diffusion from the austenite to 
the pearlite-austenite interface was required to 
allow the continued growth of the pearlite. 
The region encompassed by the diffusion proc- 
ess is very great as compared with interlamellar 
distances and is readily distinguishable even 
when the lamellar pearlite is undissolved. 
These data conclusively show that the diffusion 
process is not governed other than in a subordi- 
nate sense by the carbon concentrations ahead 
of the ferrite and carbide lamellae in the 
steel concerned. 

The validity of two of the most important 
deductions from the theory of nucleation and 
grain growth may be seriously contested. The 
theory cannot be expected to account for 
certain experimental data until fundamental 
changes are made in its structure. 

The mechanism of bainite formation at- 

%*3H. H. Chiswik and A. B. Greninger: 
Trans. Amer. Soc. for Metals (1944) 32, 483. 

% FE. C. Bain: Ref. 29 in Zener’s paper. 


37T. Lyman and A. R. Troiano: Ref. 39 of 
Zener’s paper. 
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tributed to Wever and Lange was first pro- 
posed by Davenport and Bain.** The tacit as- 
sumption that this mechanism is essentially 
correct seemingly results from a misunder- 
standing of the data Klier and Lyman*® have 
obtained for. this reaction; as it is seemingly 
impossible to mistake the conclusions these 
investigators have arrived at. 

The earlier work on this reaction was nct in 
the nature of a rigorous proof, as the methods 
employed were not free of ambiguities. The 
results of Klier and Lyman, on the other hand, 
are rigorous if the validity of X-ray analysis is 
to be allowed. Metallographic evidence pre- 
sented by Klier*® agrees completely with the 
results of X-ray investigation. 

The mechanism of bainite formation pro- 
posed by Klier and Lyman is contrary to the 
basic concepts involved in consideration of the 
bainite reaction in the above. The experimental 
data are believed to be incontrovertible; neces- 
sarily, then, invalidating the author’s treat- 
ment of this reaction. 

In addition to problems arising from experi- 
mental data that conflict with the theory cf 
austenite decomposition developed by Dr. 
Zener, there appear to be logical inconsistencies 
in the theory itself as applied to the bainite 
and martensite reactions. 

If bainite is to be considered as structurally 
identical with martensite except for the magni- 
tude of the stress system involved, it seems 
proper that Ar” be very sensitive to cooling 
velocity, when specimen size is held constant. 
Greninger*! has shown that no such sensitivity 
is found in iron-carbon alloys and in plain 
carbon steels. 

By the analysis that has been offered, a steel 
cooled partially through the martensite range 
and then held should transform to martensite as 
the stress built up by transformation relaxes. 
Actually the reverse is true; a steel so treated is 
more difficult to transform completely to 
martensite than one continuously cooled. 

By considering carbon diffusion from the 
bainite structure to the surrounding austenite 


38 E. S. Davenport and E. C. Bain: Trans. 
A.I.M.E. (1930) go, 117. 

3% E. P. Klier and T. Lyman: Ref. 38 of 
Zener’s paper. 

40 E, P. Klier: Discussion of paper by J. L. 
Ham. Trans. Amer. Soc. for Metals (1945) 35, 


355- 
41 A, B. Greninger: Ref. 32 of Zener’s paper. 


as ultimately causing a cessation of the reac- 
tion, it is indicated as adequate that carbon 
diffusion in the ferrite be greater than in the 
austenite. This condition has no bearing on the 
problem. It is necessary that carbon diffusion 
in the austenite be greater than the propaga- 
tion of the austenite-bainite interface. If this 
were not true the carbon atoms, even if con- 
ceivably projected through the interface would 
be repeatedly engulfed by the expanding bainite 
structure. The conditions specified by the 
author are inadequate, then, to give rise to an 
enriched austenite and cannot account for the 
cessation of the bainite reaction. 

It is stated that “‘all the general features of 
austenite decomposition” can ‘‘be understood 
in terms of fundamental physical principles.” 
It is contended here that no such statement 
holds. None of the three reactions by which 
austenite decomposes is accounted for either by 
fundamental principles or by assumptions that 
the author has required at various stages in the 
development of the theory. 


C. ZENER (author’s reply).—Mr. Brandt is 
particularly able to comment upon the mathe- 
matical rigor of the treatment on pearlite 
growth, since he himself has so ably attacked 
this problem from the standpoint of the solu- 
tion of the pertinent differential equations. 
The most appropriate reply to his general 
criticisms is that no pretense was made at 
mathematical rigor; rather, an attempt was 
made to find, from general physical arguments, 
the manner in which the velocity of growth 
varied with temperature. 

Certain questions, however, require specific 
answers. The question was raised as to whether 
the length L should not be associated with the 
interlamellar spacing rather than with the 
cementite plate thickness. The interpretation of 
L must depend upon the interpretation of the 
quantity (C2 — C.)g, which also occurs in the 
denominator of the expression for the velocity 
of growth, and which refers to the difference in 
carbon concentration on the two sides of an 
advancing interface. If we analyze the condi- 
tions in front of the advancing ferrite phase, 
both LZ and (C2 — C;)g must refer to the ferrite 
lamella. On the other hand, both these quanti- 
ties may be regarded as referring to the advanc- 
ing cementite phase. The final answer is 
essentially independent of the viewpoint 
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adopted. Objection was raised to the extension 
of the pearlite time-temperature transforma- 
tion curve below its nose, since in plain carbon 
steelsjbainite rather than pearlite forms in this 
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range from 600° to 721°C., over which the 
velocity varies by a factor of 400. The value of 
the constant alpha necessary to obtain this 
agreement is 0.005. The computed velocity of 
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19.—PEARLITE GROWTH. 


Full curve: velocity of pearlite growth according to equation 18, with constant alpha adjusted 


to agree with experiment at 650°C 


Circles: experimental data for a high-purity eutectoid steel, after Hull, Colton and Mehl. 


temperature region. It was not intended that 
the analysis in this paper be restricted to plain 
carbon steels. Fig. 19 gives the general features 
of the T7T relation when the only mechanism 
of transformation is by pearlite growth. 

Both Messrs. Brandt and Mehl have sug- 
gested that a more appropriate test of the 
theory of pearlite growth would be a compari- 
son with the observed velocity of growth 
rather than with a C-curve. This comparison is 
given in the accompanying figure (Fig. 19), the 
experimental data being that of Hull, Colton 
and Mehl‘? upon a high-purity iron-carbon 
steel (steel J). The unknown parameter alpha 
was adjusted to give agreement at the tem- 
perature 650°C. Essential agreement is ob- 


tained throughout the entire temperature 





42 Trans. A.I.M.E. (1942) 150, 185. 


growth, taking the parameter L as one half the 
width of the cementite lamellae, therefore 
varies with temperature in essentially the 
observed manner, but has a magnitude only 
one tenth the observed value. This discrepancy 
—which, incidentally, is just as large in the 
contemporary computations of Brandt—the 
author is inclined to attribute to certain 
simplifications that have been made in the 
calculation of the rate of diffusion. Thus the 
diffusion coefficient for carbon has been 
assumed to be that for a steel of eutectoid 
composition. Actually the carbon concentration 
just in front ‘of an advancing pearlite nodule 
varies considerably, by a factor of 5 at 600°C. 
The concentration is, on the average, consider- 
ably greater than the eutectic concentration. If 
the computations could be carried out taking 
into account the observed variation of diffusion 
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coefficient with carbon concentration, an 
increase in computed velocity would be 
obtained. Again, in estimating the diffusion, a 
strain-free lattice was assumed. The difference 
in densities of the pearlite and cementite 
lamellae must result in considerable elastic 
strain in the austenite just ahead of the advanc- 
ing interfaces. Such strains must affect the 
diffusion rate. However, in view of the many 
places in which approximations must be intro- 
duced in a computation of this type, some of 
which were discussed by Brandt, it would give 
an incorrect impression of an attempt at an 
exact calculation to eliminate only one or two 
of the approximations by lengthy computa- 
tions. Rather, it is believed that more physical 
insight into the factors governing pearlite 
growth is obtained by not being waylaid by 
such detailed considerations. 

Dr. Mehl’s remarks upon interlamellar 
spacing invite a lengthy discussion. The author 
will confine himself to a few remarks. Even in 
1938 it was not justified to consider that the 
interlamellar spacing could be governed by a 
heat of activation type of law. It had been 
known for many decades that the limitation of 
free energy available during a transformation 
places an upper limit upon the area of inter- 
faces that can be formed. In fact, it is just this 
limitation that forms the basis of the classical 
theories of nucleation quoted by Mehl in his 
1938 paper. The disagreement of the inter- 
lamellar spacing obtained by the electron 
microscope with the author’s plot in Fig. 6 
illustrates the urgent need for further experi- 
mental work with high-purity plain carbon 
steels. The steel to which Fig. 6 pertains— 
in fact, as are all steels for which interlamellar 
spacing data are available—is commercial 
plain carbon steel. The small amounts of 
manganese these steels contain will have an 
appreciable influence upon the interlamellar 
spacing at all temperatures; a very large effect 
at temperatures only slightly below the eutec- 
toid. The experimental verification of the 
temperature dependence of interlamellar spac- 
ing formulated in this paper must await further 
experiments with high-purity plain carbon 
steels. The method developed in this paper 
provides a very direct method for an evaluation 
of the influence of alloying elements upon the 
interlamellar spacing. and hence upon the 
velocity of growth. Thus the velocity is in- 


versely proportional to the spacing, which in 
turn is inversely proportional to the free energy 
available, which in turn is a linear function of 
the concentration of alloying elements present. 
The velocity, therefore, is a linear function of 
the concentration of alloying elements. Addi- 
tional effects of alloys upon velocity occur 
through a slight alteration of the carbon dif- 
fusion coefficient. 

Cobalt is anomalous among all alloying ele- 
ments in that its standard free-energy change 
in passing from austenite to ferrite decreases as 
the temperature is lowered, passing through 
zero at about goo°C. and presumably becoming 
negative below this temperature. One therefore 
anticipates that the presence of cobalt will 
increase the available free energy in the 
decomposition of austenite to ferrite and 
cementite, and will therefore decrease the inter- 
lamellarspacing, thereby increasing the velocity 
of growth of pearlite nodules. The anomalous 
behavior of cobalt in increasing the rate of the 
austenite to pearlite transition, cited by Dr. 
Klier as a stumbling block to the ideas pre- 
sented in this paper, is in reality experimental 
evidence that actually supports these ideas. 
Dr. Klier supposedly has another stumbling 
block in the observations that in certain steels 
the carbon diffuses from the austenite into 
the advancing pearlite nodule from a distance 
great compared with the interlamellar spacing. 
In these steels (9 per cent chromium) the car- 
bide is thought to be Cr7C; rather than cemen- 
tite. If that is indeed true, the primary factor 
that limits the velocity of advance of a pearlite 
nodule is the diffusion of chromium, just as 
in plain carbon steel the primary limiting factor 
is the diffusion of carbon. Information is not at 
present available to determine whether the 
diffusion of chromium into the carbide plates 
would be hastened or retarded by the trans- 
formation of the austenite between the carbide 
plates into ferrite. It is possible, therefore, that 
in 9 per cent chromium steels the advancing 
pearlite nodules consist of alternate plates 
of Cr7;C; and austenite. If that is true, carbon 
will diffuse into the Cr;C; plates from a long 
way in front of the advancing plates. The 
relatively slow rate of growth of these plates 
would enable such long-distance carbon diffu- 
sion to take place, a diffusion that Klier ob- 
serves does take place in high-chromium steels. 
The difficulty any theory of austenite decompo- 
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sition has in satisfying all the ‘‘experimental”’ 
data is seen by a comparison of the discussions 
of Klier and of Troiano upon bainite formation. 
According to the former, the experimental 
evidence is incontrovertible that a fluctuation 
of carbon concentration precedes the formation 
of bainite, the bainite forming in the carbon- 
impoverished regions, the untransformed aus- 
tenite thereby being enriched in carbon. 
According to the latter, no experimental 
evidence exists for the opinion that the un- 
transformed austenite is enriched in carbon. 
The author acknowledges the error pointed 
out by Troiano in the interpretation of his 
paper, and agrees with Troijano that an under- 
standing’ of many of the features of bainite 
formation must await the development of a 
theory of nucleation. In fact, nearly all the 
questions raised by Troiano relate to problems 
in nucleation. He further acknowledges the 


error in not referring to Johansson’s prior work. 
Johansson had indeed the concept that the 
Ar” temperature for austenite to martensite 
transition may be computed from considera- 
tions of thermodynamic stability. His method 
of analysis did not, however, allow him to 
compute how this temperature varies with 
carbon concentration. ' 

The author was very interested to hear of 
Crussard’s experiments, and hopes that their 
publication will be not long delayed. 

The author wishes to thank all the discussers 
for their comments. It is inevitable that in such 
a complex subject as austenite decomposition 
differences of opinion will arise over the inter- 
pretation of observations, and over the value 
of a theory that leaves many data unexplained. 
The uninhibited discussions at this meeting, 
however, will lead to a lessening of these 
differences. 
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Introduction 


By M. A. GROSSMANN 


THE science of hardenability, when it show only that our data are inadequate. If 





arrives at a state of perfection, will tell us 
quantitatively the effect of all variables on 
hardenability, and will also tell us the effect 
of variable hardenability on the properties 
and behavior of a piece during and after 
hardening. 

That our science has not yet arrived at 
such a beatific state is attested by the dif- 
ferences of opinion so often encountered. 
This need not alarm us unduly, though it 
may perhaps remind us that we are no 
cleverer than the physicians or the physi- 
cists, the engineers or the entomologists, 
who likewise have a small residuum of un- 
solved problems. 

From the philosophic standpoint, we may 
remind ourselves that differences of opinion 


we had enough good data, there could be no 
differences of opinion. The lack of data in 
the field of hardenability is thus recognized, 
but it is being remedied today to an agree- 
able extent by contributions from some of 
the most active and expert workers in the 
field. In some cases, as you have seen from 
the program, we shall hear about the rela- 
tion of hardenability to other features, such 
as cracking during quenching, and also the 
cost of obtaining a desired hardenability. 
We shall also hear a good deal about that 
other question: How quantitative is our 
knowledge of the calculation of hardenabil- 
ity from composition? We shall also hear 
about calculation of hardness of the hard- 
ened product. 
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600 INTRODUCTION 


In regard to calculation of hardenability 
from composition, we should perhaps ask 
ourselves some questions: 

1. Do we always bear in mind the fact 
that we cannot measure hardenability 
directly? That is to say, in laboratory 
measurements we always have the influence 
of the quenching medium. A true measure 
of hardenability alone would be obtained 
if we could quench in an idealized medium, 
in which the surface of the piece would be 
cooled instantly to the temperature of the 
quenching medium, and kept there. In that 
case only the hardening propensity of the 
steel and the heat flow (i.e., diffusivity) 
would be involved and we should have a 
true measure of hardenability. Such a unit 
is the “‘ ideal diameter, D;,”’ which is a real 
measure of hardenability, but which re- 
quires an estimate (mind you, an estimate) 
for translation from actual quench to the 
idealized quench. 

2. When we attempt to calculate hard- 
enability from chemical composition and 
grain size, we thus assume that no other 
influences need be considered. Is this justi- 
fied? It seems that it is justified, inasmuch 
as calculations of hardenability, based on 
composition and grain size alone seem in 
simple steels at least to agree pretty well 


with reality, and in view further of the 
fact that there is little evidence of other 
influences at work. 

3. In basing studies on chemical com- 
position, are we always sure that we are 
considering the actual composition of aus- 
tenite? The item that plagues us here is 
undissolved carbides. The factor scheme for 
calculating hardenability seems to be fairly 
reliable in simple steels if all carbides are 
dissolved, but unfortunately, in the SAE 
steels, NE steels, and the other common 
low-alloy steels, the usual heat-treatment 
often leaves undissolved carbides. These 
may confuse the issue both by reason of the 
carbon and alloy which are held in the car- 
bides and are therefore ineffective, and by 
reason of the action of precipitated carbides 
in acting as nuclei to defeat a hardening 
tendency. These several interfering influ- 
ences of precipitated carbides have not 
yet been evaluated adequately. 

By way of summary, then, one may per- 
haps say that the era of first approximations 
is past, and that in any proposed closer ap- 
proximations we have a right to expect a 
refinement of techniques. The contribu- 
tions we shall hear today constitute a long 
step forward. 
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The Hardenability Concept 


By Joun H. Hottomon* anp L. D. Jarre,¢ Junton Memsers A.I.M.E. 


(New Y 


THE hardenability concept has become 
widely used during the last few years for 
the choice and substitution of steels. Before 
the work of Grossmann,! the systems for 
predicting hardenability chemical 
composition could be used only over a 
narrow range of composition. Grossmann 
introduced a comprehensive system, which 
has been effective in calculating the 
hardenability of most types of moderate 
or low-alloy steels. However, occasions 
often arise that require the calculation of 
the hardenability of high-alloy steels from 
their chemical compositions. Experimental 
determinations of the hardenabilities of 
such steels indicate that the Grossmann 
system predicts much greater hardenabili- 
ties than are realized. The fact that cases 
do arise in which the Grossmann method 
does not apply indicates that the funda- 
mental hypothesis of the system may not 
be generally applicable. It seems advisable 
to re-examine not only Grossmann’s sys- 
tem but also the concept of hardenability 
itself. 


from 


HARDENABILITY 


If steel parts are to possess a martensitic 
structure after quenching, they must first 


The statements or opinions in this article 
are those of the authors and do not necessarily 
express the views of the Ordnance Department. 
Manuscript received at the office of the Insti- 


tute April 18, 1945. Issued as T.P. 1926 in 
METALS TECHNOLOGY, January 10946. 

« Captain, Ordnance . Department, Water- 
town Arsenal Laboratory, Watertown, 
Massachusetts. 


Tt Metallurgist, Watertown Arsenal Labora- 
tory. 


! References are at the end of the paper. 


OO! 


rk Meeting, October 1945) 


be austenitized and then cooled through 
the pearlite and bainite transformation 
ranges sufficiently rapidly to avoid the 
formation of pearlite, bainite, and pro- 
eutectoid products.* If, on cooling, these 
transformations are avoided, the resulting 
structure can consist only of martensite 
(and retained austenite). The hardenability | 
of a steel is measured in terms of the sever-| 
ity of the cooling conditions necessary to 
avoid the pearlite and bainite transforma- 
tions. The less rapid is the cooling necessary 
to prevent the formation of bainite and 
pearlite, the higher is the hardenability. 
The pearlite and bainite reactions appear 
to be differently affected by the alloying 
elements. Not only is this indicated by the 
published isothermal transformation data, 
but recent work by Zener? affords a rational 
interpretation of the differing effects of the 
alloying elements. Manganese,*? for ex- 
ample, appears to decrease the rates of the 
pearlite and bainite transformations by 
equal percentages, while molybdenum*:® 
is approximately 10,000 times more effec- 
tive in retarding the pearlite than in re- 
tarding the bainite transformation, on the 
basis of isothermal measurements. 
In some steels, the formation of bainite 
restricts the formation of martensite while 


* Proeutectoid ferrite or carbide may form 
within or above the pearlite temperature range. 
For the purposes of this discussion, the dis- 
tinction between the formation of pearlite and 
the formation of proeutectoid products need 
not be considered. Further references in this 
paper to pearlite formation will be understood 
to apply also to formation of proeutectoid 
products. 
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602 THE HARDENABILITY CONCEPT 


in others pearlite is the limiting factor. 
Consider an element (like molybdenum) 


‘that greatly retards the pearlite reaction 


but has little effect upon the bainite reac- 
tion. If this element is added to a steel in 
which the formation of pearlite restricts the 
formation of martensite, the hardenability 
of the steel may be increased greatly. If the 
same element is added to a steel for which 
the formation of bainite limits the forma- 
tion of martensite, the hardenability of the 
steel will not be appreciably increased. It 
is not sufficient, therefore, in considering 
the effect of alloying elements upon harden- 
ability to speak simply of their relative 
ability to facilitate the formation of mar- 
tensite. Rather, it is necessary to consider 
separately the relative tendencies of the 
alloying elements to retard the bainite 
transformation and to retard the pearlite 
transformation. Thus, there are two hard- 
enabilities, the pearlitic and the bainitic. 
An important conclusion from the con- 
siderations mentioned above is that, since 
the previous experiments did not separate 
the pearlitic and bainitic hardenabilities, 
there may be some doubt as to the applica- 
bility of the multiplicative system intro- 
duced by Grossmann. If one element affects 
primarily the pearlitic hardenability and 
another has the same effect on pearlitic 
and bainitic hardenabilities, additions of 
the two elements simultaneously may be 
more effective than additions of either 
separately. This difference in the effects 
of the alloying elements possibly may be 
responsible for the apparently multiplica- 
tive effects of the elements. The data pre- 
sented by Grossmann in evidence of the 
applicability of his system, as well as sub- 
sequent experience, do indicate, however, 
that the effects of the alloying elements on 
the pearlitic hardenability are approxi- 
mately multiplicative. Until further knowl- 


edge of the nature of the transformations 


is available the justification for the multi- 
plicative method of combining the effects 


of the alloying elements must remain 
purely empirical. 


MEASUREMENTS OF EFFECT 
OF COMPOSITION ON HARDENABILITY 


Among the considerations that compli- 
cate the evaluation of experimental data 
on hardenability is the fact that investiga- 
tors have generally not used the appearance 
of the first trace of nonmartensitic product 
as their criterion of hardenability, because 
of the additional experimental work in- 
volved. Instead, criteria intended to repre- 
sent 50 per cent nonmartensitic product 
have been utilized. In some cases this 
product might be partly pearlite and partly 
bainite. Moreover, various criteria based 
upon hardness measurements have been 
commonly used to indicate the percentage 
of nonmartensitic product, and there is 
some question as to the general applica- 
bility, as well as the accuracy, of these 
criteria. 

If a plain carbon steel of moderate or 
small grain size has been cooled at such a 
rate that it consists of 50 per cent mar- 
tensite. and so per cent nonmartensitic 
product, the nonmartensitic product is 
generally believed to be pearlite. Gross- 
mann, Asimow, and Urban,* among others, 
have reported it as pearlite. Therefore, if 
alloying elements that retard equally the 
pearlite and bainite reactions (or which 
retard the bainite reaction more than the 
pearlite) are added to plain carbon steels, 
the measured hardenability of the resulting 
steels, on the basis of 50 per cent martens- 
ite, will be the pearlitic hardenability. If, 
on the other hand, alloying elements are 
added that have a greater retarding effect 
on the pearlite transformation than on the 
bainite, a composition will be reached in 
which bainite will restrict the formation of 
martensite, and measurements of the effects 
of further additions of the alloying elements 
will then apply to bainitic hardenability. 

It is not possible from the papers of 
Grossmann or of the other investigators 
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who measured the effects of alloying ele- 
ments on hardenability to determine 
whether for each measurement pearlite 
or bainite restricted the formation of 
martensite. Grossmann'® and Kramer, 
Hafner, and Toleman,’ as well as Crafts 
and Lamont in their early study,® used 
hardness measurements as criteria of hard- 
ening. In a later study,® Crafts and Lamont 
used the direct microscopic technique for 
determining the degree of hardening but 
reported that the nonmartensitic product 
was bainite in some cases and pearlite in 
others. They did not specify the nonmar- 
tensitic structure that was found in each 
case. Thus, it can only be deduced whether 
for each alloying element the pearlitic or 
bainitic hardenability was measured. In 
the investigation of Grossmann and Steph- 
enson!® on the effect of grain size, essen- 
tially plain carbon steels were studied and 
direct microscopic measurements were 
employed to determine the extent of the 
hardening. The nonmartensitic structure 
was reported to be pearlite; hence the effect 
of grain size determined by these investiga- 
tors refers to the pearlitic hardenability. 


PEARLITIC HARDENABILITY 


The isothermal transformation data 
indicate that the elements that have the 
same or less of a carbide-forming tendency 
than iron retard the pearlite and the bainite 
transformations by approximately equal 
percentages. Thus, the elements carbon, 
manganese, nickel, and silicon do not ap- 
pear to affect the nonmartensitic trans- 
formations selectively for small or moderate 
additions. (An element such as manganese, 
which has a slightly greater tendency than 
iron to form carbides in steel, may have a 
greater effect on the pearlite than on the 
bainite transformation when added in large 
percentages.) Since Grossmann and those 
who subsequently performed such experi- 
ments added single alloying elements to 
essentially plain carbon steels, it can be 
assumed that their data for carbon, man- 


ganese, nickel, silicon, copper, phosphorus, 
and sulphur, as well as for grain size, apply 
to the pearlitic hardenability. 

It has been reported’ that as chromium 
is added to hypoeutectoid plain carbon 
steels the hardenability first increases very 
rapidly, but after about o.50 per cent of 
this element is added the effect becomes 
less pronounced and is not reproducible 
Similarly, after 0.20 per cent molybdenum” 
has been added to a plain carbon steel, the 
effect of molybdenum becomes less pro- 
nounced and is not reproducible. It was 
suggested by Grossmann! that since chro- 
mium and molybdenum have strong 
tendencies to form carbides, the smaller 
and less reproducible effect at higher per- 
centages is due to the decrease in alloy and 
carbon content of the austenite before 
quenching caused by the presence of un- 
dissolved carbides. Undoubtedly such an 
effect exists, but it is also reasonable to 
assume that, as these elements are added, 
the pearlitic hardenability increases more 
rapidly than does the bainitic, so that the 
formation of bainite begins to limit the 
formation of martensite. This assump- 
tion is substantiated by the published 
S-curves.*:4511.12 Tt seems likely that the 
effect of chromium and molybdenum on 
the pearlitic hardenability will be given 
by the data for the addition of small 
amounts of these elements to plain carbon 
steels. The effect of large percentages upon 
the pearlitic hardenability has not been 
studied. Until these data are available, it 
can be assumed that, since the ideal round 
size for almost all the alloying elements 
has been found to vary linearly with the 
percentage of alloying element, the effects 
of large percentages of chromium and 
molybdenum upon the pearlitic harden- 
ability may be obtained by extrapolating 
the data for small percentages of these 
elements. 

Information available on the elements 
boron,'? titanium,’*3 and vanadium! 
is contradictory, and may indicate that 
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the effects of these elements upon harden- 
ability depend to some extent upon factors 
other than the amount of the element 
contained in the austenite. Therefore, it 
does not appear possible at present to 
delineate the quantitative effects of these 
elements on the hardenability or to con- 
!clude whether they affect primarily the 
| pearlitic or bainitic hardenability. 


(which tentatively can be extrapolated to 
larger percentages). These values are based 
upon those selected from the literature by 
Grossmann!‘ (except the value for copper, 
which is based upon the data of Kramer, 
Hafner, and Toleman’). 

These values are intended to give the 
diameter in inches of the ideal round that 
will be so per cent pearlite at its center. 


TABLE 1.—Effect of Carbon and Alloying Elements upon Hardenability (Ideal Round) 





Elements 


Grossmann Pearlitic 
Hardenability Factor 


Assumed Bainitic 
Hardenability Factor 





© per cent martensite............. 
Cc { ant 


0.338 X V %C in.» 


| 
0.494 X V % Cin. 
| 


ially all martensite.......... 0.254 X WV % Cin.? 0.272 X WV % Cin. 
PE Ne ta get aoa 1+ 4.10 X (% Mn) 1+4.10 X (% Mn) 
eal ts kid alee al aCe 1 + 2.83 X (% P) I+ 2.83 X (% P) 
ia w ais mina Renae ace I — 0.62 X (% S) I — 0.62 X (% S) 
aged seen thew ken pee ew 1+ 0.64 X (% Si) 
Dv ncsipin tee haed-tion I + 2.33 X (% Cr) I+ 1.16 X (% Cr) 
SR ee ne ve I+0.52 X (% Ni) | 1+0.52 X (% Ni) 
ss ek bce ea I+3. eS Mo) I 
a catsetteas ce 1+ 0.27 X (% Cu) 1 +0.27 X (% Cu) 








* Calculated from data selected by Grossmann,' except copper factor. 
6 For grain size A.S. a A For other grain sizes see Table 2. 
ao 


* Calculated from dat 


Tables 1 and 2 present in tabular form 
values for the pearlitic hardenability (ideal 
round size) of iron-carbon alloys with 
various carbon contents and for the effects 
upon pearlitic hardenability of grain size, 
manganese, nickel, silicon, copper, phos- 
phorus, and sulphur, and of small per- 
centages of chromium and molybdenum 


TABLE 2.—Effect of Austenitic Grain Size 


upon Pearlitic Hardenability (Ideal 











Round) 
Es Carbon Factor for Pearlitic Harden- 
Austenitic ability, In. 
Grain Size 
(A.S.T.M. 
No.) 50 Per Cent Essentially All 
Martensite* Martensite 
I 0.546 0.410 
2 0.504 0.378 
3 .— 0.350 
4 -429 0.323 ee 
5 0.307\ X V%C| 0.208) x VW %C 
6 0.366 0.275 
7 0.338 0.254 
8 0.312 0.234 
9 0.288 0.217 
10 0. 266 0.200 











@ Calculated from data of Grossmann.! 


ramer, Hafner, and Toleman.? 


Very little information is available as to 
the relation between the size that will be 
50 per cent pearlite and the largest size 
that will contain no pearlite. Nevertheless, 
it is often desirable to obtain an estimate 
of the size that will fully harden. A few 
measurements!*.!* indicate that the ideal 
round size for a few per cent of pearlite is 
of the order of 0.75 times the size for 50 
per cent pearlite. A value for the effect of 
carbon including this factor is given in 
Tables 1 and 2 and can be used in calculat- 
ing the ideal round size that will fully 
harden as far as pearlite is concerned. 


BAINITIC HARDENABILITY 


As yet there have been no comprehensive 
experiments designed to determine the 
effects of alloying elements upon the 
bainitic hardenability. A method of making 
these measurements, at least approxi- 
mately, can be suggested. Instead of add- 
ing the various elements to plain carbon 
steels, they can be added to a steel for 
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which bainite limits the hardenability. The 
hardenability can then be measured as a 
function of the alloy additions, probably 
using direct microstructural examinations 
to determine the extent of the hardening. 
In a steel containing about 0.25 per cent 
molybdenum, bainite rather than pearlite 
will limit the hardenability, and such a 
steel would form a suitable base for an 
investigation of this sort. Another ap- 
proach would be to study the effects of the 
alloying elements after austenitizing at 
temperatures that produce a large (and 
constant) austenitic grain size. Since in- 
creasing the grain size of a steel increases 
the pearlitic hardenability more than the 
bainitic, at sufficiently large grain sizes 
bainite rather than pearlite should restrict 
the formation of martensite. One difficulty 
in the interpretation of such measurements 
is that the addition of an alloying element, 
such as molybdenum, which retards the 
pearlitic formation and does not modify 
the rate of bainite formation as measured 
isothermally, may induce indirectly a 
decrease of the bainitic hardenability, as 
will be discussed later. 

Since no direct measurements of the 
bainitic hardenability -have been made 
and it is frequently desired to design steels 
for parts that are not to contain bainite 
on quenching, an approximate determina- 
tion of the effects of alloying elements on 
the bainitic hardenability of hypoeutectoid 
steels has been attempted. 

It was noted that additions of carbon, 
manganese, and nickel cause little change 
in the shape of the isothermal S-curves, 
their principal effect being to shift the 
entire curve toward longer times.*.!*.?4 
Similar assumptions appear justifiable for 
copper, sulphur, and phosphorus. A recent 
investigation!’ indicates that silicon, too, 
affects the bainitic hardenability to about 
the extent it affects the pearlitic. Molybde- 
num, on the other hand, increases markedly 
the times for transformation in the pearlite 
range, but has very little effect upon the 


S-curve in the bainite region.*-*.?4 Previous 
work also indicates that increases in aus- 
tenitic grain size act similarly, increasing 
the transformation times in the pearlite 
range, but having little effect in the bain- 
ite.*18 A scheme for rough calculation of 
the bainitic hardenability from composition 
was set up on the basis of the following 
assumptions: 

1. A change in the percentage of carbon 
or of an alloying element produces a corre- 
sponding percentage change in bainitic 
hardenability (expressed as ideal round 
diameter), regardless of the original harden- 
ability. This assumption is the equivalent 
of that made by Grossmann! for pearlitic 
hardenability. 

2. Changes in the percentages of carbon, 
manganese, nickel, copper, sulphur, phos- 
phorus, and silicon produce the same per- 
centage changes in bainitic hardenability 
that they do in pearlitic hardenability. 

3. Changes in molybdenum content and 
in austenitic grain size have negligible 
effects upon bainitic hardenability. 

It remained, however, to set up the base 
value that is to be multiplied by the factors 
for the various elements. In Grossmann’s 
work on pearlitic hardenability, this base 
value was included in the graphs for effect 
of carbon and grain size.! (Grossmann 
assumed in accordance with previous 
work’ that the hardenability was propor- 
tional to the square root of the carbon 
content.) Such a bainitic base value was 
obtained by calculation from available 
Jominy hardness data. It was necessary 
to consider steels containing sufficient 
amounts of carbide-forming elements to 
ensure that bainite rather than pearlite 
limited the formation of martensite. 
Moreover, since the effect of chromium on 
bainitic hardenability was not known even 
approximately, it was necessary to obtain 
Jominy curves of steels having a constant 
chromium content. A survey of available 


_ Jominy data revealed a number of ap- 
parently trustworthy Jominy curves for 
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hypoeutectoid heats containing approxi- 
mately o.50 per cent chromium plus 
enough molybdenum (at least 0.25 per 
cent) to ensure that the bainite reaction 
limited the martensite formation. Since, 
in the absence of more complete data, the 
point of inflection of the hardness curve 
on logarithmic Jominy paper was taken 
as the criterion of half-hardening, only 
heats giving a satisfactory inflection point 
could be used. Heats quenched from so low 
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vanadium and aluminum were neglected. 
The resulting values are given in Table 3 
as “base values including chromium 
factor.” 

The effect of chromium remained to be 
determined. The S-curves indicate that 
chromium retards the pearlite reaction in 
hypoeutectoid steels to a greater extent 
than it does the bainite,*1!-!? so that its 
effect on bainitic hardenability should be 
less than on pearlitic. Preliminary results 


TABLE 3.—Steels Used in Determining Base Value for Bainitic Hardenability 







































































Base Value 
Aus- Jj 
ten- om- 
Composition, Per Cent itizing}; iny |Equiv- J 
Identifi- | Tem- Dis- alent | In- mag 
cation pera- | tance 1, | clud- clud- 
ture, | in }/¢ | Inches] ing Cr| ing Cy 
Deg. Inche ; ac- a, 
ve) 
’ “yay tor, 
C |Mn/} P S Si | Ni | Cr| Mo] V | Cu} Al om In. 
Qo90 [0.25 |0.76'0.026 |0.027 ae 0.49 0.37 0.04° 1600 8 2.95 | 0.841) 0.537 
3 0.29 |1.26 0.033 |0.026 |0.360.54 |0.51 0.43 0.04° 1625 | 13 3.90 | 0.687] 0.431 
2627 |0.29 |1.14 0.023 |0.019 (0.51 0.15 |0.53 0.22 O.II |0.05| 1700 8he | 3.05 | 0.646) 0.400 
NE8739 |0.40 |0.83 0.015 |0.016 |0.30 0.48 |0.48 0.25 0.049 | 1575 9 3.16 0.732) 0.470 
NE8744 |0.44 |0.90 0.019 (0.031 |0.25 0.44 |0.540.22 0.04>) 1550 | II 3.55 | 0.766) 0.471 
2N1388 |0.31 1.17,0.008% 0.0224 0.22 0.02.0. 46 0.27/0.055 0.04°) 1550 | 9 3.16 | 0.834) 0.544 
2N1436 |0.23 |1.48 0.0084 0.01840. 25 0.02? 0. 500.27 0.05 0.04?) 1600 | 9 3.16 0.779 0.493 
2N1437 |0.22 |1.74 0.008% 0.0184/0. 26 0.02 0.53 0.26 0.06 0.049) 1600 | II 3.55 | 0.772) 0.478 
2T938 |0.23 |1.56,0.007%,0.022*/0. 24 0.02%.0.47,0.49 0.06 |0.04°, 1600 9 3.16 | 0.752) 0.487 
AI 0.315|1.01/0.014 0.016 |0.22 0.32 lo. 480.35 0.04) 1650 | II 3-55 | 0.888) 0.570 
A4 0.35 |1.31,0.014 |0.017 |0.23,0.32 0.45 0.37 0.04° 1650 ' 16 4.40 | 0.840) 0.552 
| Average: | 0.776) 0.494 
* Ladle analysis. 


+ Estimated analysis. Pee 
¢ To point of inflection on logarithmic hardness plot. 
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a temperature that carbide solution ap- 
peared doubtful were discarded. Moreover, 
it was decided to use only curves in which 
the experimental points were available, 
since different workers may tend to smooth 
data differently. After these eliminations 
the curves on the 11 steels indicated in 
Table 3 remained. The inflection points 
were read by two observers independently, 
their Jominy readings averaged, and the 
results converted to ideal round sizes by 
the use of a conversion chart derived from 
that of Asimow, Craig, and Grossmann.” 
The ideal round diameters were then 
divided by the factors for manganese, 
nickel, copper, silicon, sulphur, and phos- 
phorus (Table 1) and by the square root 
of the carbon percentage. The effects of 


indicate, however, that chromium does 
increase the bainitic hardenability. Since 
it is necessary to make some assumption in 
the absence of data, it has been assumed 
that the effect of chromium upon bainitic 


hardenability is one-half its effect upon 


\ pearlitic. On this basis the values listed in 

\Table 3 as “base values not including 
chromium factor” were obtained. Their 
average has been tentatively adopted as 
the bainitic base value for iron-carbon 
alloys. 

The tentative factors for the effects of 
carbon (including the base value), man- 
ganese, nickel, chromium, molybdenum, 
copper, silicon, phosphorus, and sulphur 
upon bainitic hardenability are given in 
Table 1. (The carbon values are also pre- 
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sented graphically in Fig. 1.) The base 
value, it must be remembered, is based 
upon the point of inflection of Rockwell C 
hardness plotted against Jominy distance 


is reduced will be bainite. On the other 
hand, when the cooling rate is such that 
the structure is half nonmartensitic, this 
half is primarily pearlite. The view that 
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Fic. 1.—ASSUMED BAINITIC HARDENABILITY OF IRON-CARBON ALLOYS. 


on a logarithmic scale. Available evidence 
indicates that this corresponds to 50 per 
cent bainite or slightly more. On the basis 
of a recent publication by Hodge and 
Orehoski'® and some other evidence,?® 
the ideal round size for a trace of bainite is 
of the order of o.5-0.6 that for 50 per cent 
bainite. A value for the effect of carbon 
based upon a factor of o.55 is given in 
Table 1 and Fig. 1 for use in calculating 
the ideal round size that will fully harden 
with respect to bainite. 

It is of interest to note that the ratio of 
the ideal round size for full hardening to 
that for half hardening is considerably 
smaller (about 0.55 as compared with 
approximately 0.75) when the nonmar- 
tensitic product is bainite than when it is 
pearlite. As is indicated by Tables 1 and 2, 
it appears that for plain carbon steels with 
medium austenitic grain size, the first 
trace of nonmartensitic product obtained 
as the cooling rate on continuous cooling 


the first nonmartensitic product is bainite 
in plain carbon steels with medium or 
coarse grain is in contradiction to the 
report of Digges'® and to common belief, 
but there is some experimental evidence 
to support it.!5.?! The validity of the state- 
ment that most of the published work on 
the effect of alloying elements upon harden- 
ability deals with pearlitic hardenability 
is not in question, since half hardening 
rather than full hardening was used for 
these measurements. 

No measurements of the effects of alloy- 
ing elements upon the hardenability of 
hypereutectoid steels seem to have been 
published and there is some reason”? to 
believe that these effects may differ from 
those in hypoeutectoid steels. The values 
in Table 1 are therefore proposed, at 
present, for hypoeutectoid steels only. 

It must be emphasized that the scheme 
suggested above for computing bainitic 


hardenability from composition is tentative ' 
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and that the numerical values included in 
it are based upon scant data. The system 
may serve, however, as the best approxi- 


ing constant the time the steel is held in 
that range, may similarly change the rate 
of subsequent transformation in the bainite 
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Fic. 2.—RELATION BETWEEN AUSTENITIC GRAIN SIZE AND BAINITIC HARDENABILITY OF S.A.E. 
4140 STEEL. 


mation possible until further experimental 
data are available. 


RELATIONS BETWEEN PEARLITIC 
AND BAINITIC HARDENABILITIES 


In the foregoing discussion, the pearlitic 
and bainitic hardenabilities have been 
treated independently. However, the time 
spent in the pearlite transformation range 
may affect the rate of the bainite transfor- 
mation. Changing the fractional time spent 
in the pearlite range, by changing the time 
necessary for pearlite formation while hold- 


range. Thus, changes in pearlitic harden- 
ability may induce changes in the bainitic 
hardenability even though the rate of 
bainite formation as measured isothermally 
(without holding in the pearlite range) is 
not altered. 

Certain data do exist that indicate that 
increasing the pearlitic hardenability re- 
sults in an increase in the bainitic harden- 
ability, although the exact nature of this 
effect is by no means thoroughly under- 
stood. For example, as already mentioned, 
consideration of the isothermal data leads 
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to the conclusion that austenitic grain 
size has a negligible influence on the rate 
of bainite formation. However, when con- 
tinuous cooling experiments were per- 


The resultant hardenability was consistent 
with the grain size and was not affected 
by the prior solution treatment. 

At present, the only interpretation of 
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Fic. 3.—COMPARISON OF MEASURED HARDENABILITY WITH HARDENABILITY CALCULATED BY 
PROPOSED SYSTEM (FOR STEELS STUDIED BY HODGE AND OREHOSKI!®). 


formed, it was found that changes in grain 
size do affect the rate of bainite formation. 
These tests were made on an S.A.E. 4140 
steel by austenitizing Jominy bars at 1500°, 
1850°, 2200°, and 2450°F., cooling to 
1500°F. and end-quenching. In Fig. 2, the 
Jominy distances at which 1o per cent 
bainite and 50 per cent bainite were found 
are plotted as a function of grain size. 
The bainitic hardenability increases with 
grain size up to a grain size of A.S.T.M. 2 
(austenitizing temperature 2200°F.).* It 
was at first believed that this considerable 
increase in hardenability was associated 
with the increased solution of the carbides 
at the elevated austenitizing temperatures. 
Therefore a specimen was austenitized at 
2200°F., quenched with water on all sur- 
faces, and then reheated rapidly to 1500°F. 


* The reason for the decrease of harden- 
ability when the temperature is raised from 
2200° to 2450°F. is not known. 


this effect of grain size is that incubation 
in the temperature range at which the 
pearlite transformation occurs increases 
the rate of the bainite transformation. The 
smaller the fractional time spent in the 
pearlite range, the greater is the bainitic 
hardenability. Insufficient data are avail- 
able to establish the interdependence 
quantitatively. This question will be the 
subject of a future paper. 

Because of the effect of fractional time 
spent in the pearlite range upon bainitic 
hardenability, molybdenum would be ex- 
pected to have an indirect effect upon 
bainitic hardenability. Thus, the bainitic 
hardenability is probably not wholly 
independent of molybdenum content or 
grain size. Quantitative evaluation of the 
indirect effect awaits establishment of the 
dependence of rate of formation of bainite 
upon time of prior holding in the pearlite 
range. 
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APPLICATIONS 


To apply the concept outlined in the 
foregoing pages to the calculation of 
hardenability from chemical composition, 
the pearlitic and bainitic hardenabilities 
are calculated separately. The lower of the 
two hardenabilities is then the harden- 
ability that limits the formation of mar- 
tensite, and is the significant value when 
martensitic structures are sought. 

In designing steels that are to be directly 
quenched to martensite, there is no ad- 
vantage in having a high pearlitic harden- 
ability if bainite restricts the formation 
of martensite. Similarly, there is no 
advantage in having a high bainitic 
hardenability when pearlite is the limiting 
transformation.* 

If it is desired to predict the structure 
obtained under conditions of continuous 
cooling that do not permit complete hard- 
ening, both the lower and the higher of the 
calculated hardenabilities are of interest. 
When the bainitic hardenability for full 
hardening is greater than the pearlitic, 
bainite will not appear to an appreciable 
extent. When the pearlitic hardenability 
for full hardening is greater than the 
bainitic, bainite will form under cooling 
conditions just insufficiently severe to 
produce only martensite, and pearlite will 
form under certain less severe conditions. 
The conditions for the transition from 
bainite to pearlite are then given by the 
pearlitic hardenability. 


Example 


As an example of the application of the 
concept of the dual nature of hardenability 
and of the system tentatively suggested 


* With special types of quenches, the bainitic 
hardenability necessary for hardening may 
differ from the pearlitic hardenability neces- 
sary for hardening. Thus, when a delayed 
quench is used, in which a steel part is to be 
air-cooled through the pearlite range and water- 
quenched through the bainite, sufficient pearli- 
tic hardenability may be required to permit 
hardening in air and only enough bainitic to 
permit hardening in water. 


for calculating hardenability, data recently 
published by Hodge and Orehoski!* may 
be utilized. These authors measured the 
hardenabilities (so per cent martensite) of 
35 steels having various compositions and 
compared them with the hardenabilities 
calculated from composition by Gross- 
mann’s original method; that is, with the 
calculated pearlitic hardenabilities. They 
found that almost all of the measured 
hardenabilities were considerably lower 
than the calculated. The bainitic harden- 
abilities of the 35 steels have been com- 
puted from the compositions given by 
Hodge and Orehoski using the tentative 
values for the effects of the various ele- 
ments given in Table 1. The carbon factor 
for nominally 50 per cent bainite was used. 
The bainitic hardenability so computed for 
each steel was compared with the pearlitic 
hardenability calculated by Hodge and 
Orehoski. The measured hardenability is 
plotted against the lower of these two in 
Fig. 3. Comparison of this figure with Fig. 
8 of the paper by Hodge and Orehoski 
shows that when computed in the way 
suggested above the points fall much 
closer to the expected theoretical values 
than when computed on the basis of pearl- 
itic hardenability alone. 

Hodge and Orehoski state that complete 
solution of the carbides was. generally not 
attained with the austenitizing treatments 
used. The carbon and alloy percentages in 
the austenite were, therefore, in most cases 
lower than the over-all percentages in the 
steel. This decrease in alloy and carbon 
contents may account for the tendency 
of the measured hardenabilities in Fig. 3 
to fall slightly lower than the calculated 
hardenabilities. 

It will be noted that most of the steels 
have lower computed bainitic than pearlitic 
hardenabilities. This is in accord with 
Hodge and Orehoski’s finding that in most 
cases the nonmartensitic products were 
predominantly bainite. Considering the 
approximate nature of the numerical values 
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available for use in calculating bainitic 
hardenability and the reported lack of 
complete solution of carbides, the results 
of this example give a good illustration of 
the validity of the dual-hardenability con- 
cept and of the usefulness of the scheme 
proposed for calculating hardenability 
from composition. 


CONCLUSIONS 


An analysis of the nature of the decom- 
position of austenite and of the effects of 
the alloying elements on the rates of bainite 
and pearlite transformation indicates that 
in some cases pearlite and in others bainite 
will limit the formation of martensite on 
continuous cooling. Since alloying elements 
may have different effects upon the bainite 
reaction than upon the pearlite reaction, 
it is necessary to consider two harden- 
abilities: the pearlitic and the bainitic. If 
pearlite restricts the formation of mar- 
tensite on continuous cooling, the pearlitic 
hardenability is less than the bainitic, and 
vice versa. 

In determining the effects of the alloying 
elements on the hardenability, both the 
cooling conditions at which some specified 
amount of the nonmartensitic product is 
formed and the identity of this product 
should be established. In none of the 
previous investigations of the effect of 
alloying elements on the hardenability was 
the nonmartensitic product identified. It 
can, therefore, only be deduced whether 
the data refer to pearlitic or bainitic 
hardenability. As the alloying elements 
were added to essentially plain carbon 
steels and measurements of half hardening 
were made, it may be concluded that 
in most cases the data apply to pearlitic 
hardenability. 

In order to determine the effects of the 
alloying elements on the bainitic harden- 
ability, the alloying elements should be 
added to steels for which bainite limits the 
formation of martensite. In steels contain- 
ing about 0.25 per cent molybdenum, this 


occurs. Since no carefully designed experi- 
ments of this type have been performed, 
a tentative system is suggested as an 
interim measure to permit very rough 
estimates of the bainitic hardenability. 
Hardenabilities calculated by this sys- 
tem for a number of steels have been 
found to check well with the measured 
hardenabilities. 

One of the conclusions based on iso- 
thermal data that has been incorporated 
into the system is that molybdenum and 
austenitic grain size have little, if any, 
effect on the rate of bainite formation. Con- 
tinuous cooling experiments indicate that 
grain size does have an effect on the bainitic 
hardenability. This effect appears to arise 
from an indirect influence of changes in 
pearlitic hardenability upon the bainitic 
hardenability, through inoculation or in- 
cubation in the pearlite transformation- 
temperature range. Changes that induce 
increases in the pearlitic hardenability 
without affecting the isothermal rate of 
bainite formation appear to increase the 
bainitic hardenability. Increases in grain | 
size and in molybdenum content do, there- 
fore, appear to increase the bainitic | 
hardenability somewhat, but the extent | 
of this effect is not known. 
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DISCUSSION 
(C. M. Loeb, Jr., presiding) 


W. Crarts.*—The authors have made a 
commendable effort to improve the accuracy of 
the calculation of hardenability of the chro- 
mium-molybdenum steels. However, rational- 
izing a purely empirical formula requires 
assumptions that are hard to justify without 
considerable data, regardless of how reasonable 
they seem. In the calculation of bainitic 50 
per cent martensite hardenability, it has been 
assumed that more than a certain amount of 
molybdenum has no effect and that this 
critical amount of molybdenum is lowered to 
nothing in the presence of about 1 per cent 
chromium. It should be noted that the use of 
one half of the pearlitic factor for chromium 
is balanced by a correspondingly higher carbon 
base, so that the ideal critical diameter of any 
plain chromium steel is calculated to virtually 
the same value whether pearlitic or bainitic 
factors are used. In the case of “‘ bainitic”’ plain 
molybdenum and chromium-molybdenum 
steels, increase of molybdenum is considered to 
add nothing to the calculated hardenability. 
This assumption is not in accord with our 
observed results. We have not found fading in 
steels containing up to 1 per cent molybdenum 
without chromium, but have noted that signif- 
icant chromium residuals tend to produce less 
than calculated hardenability. Similar results 
have been found in chromium steels with 
significant residual molybdenum contents. In 
chromium-molybdenum steels we have found 
fractional proportions of the ‘‘pearlitic’”’ cal- 
culated hardenability, but within that range 
have found that increase of either chromium or 
molybdenum increases actual hardenability. 
We have seen no reason to blame molybdenum 
any more than chromium for the lowered 
hardenability and have seen indications that 
low carbon, high silicon, nickel, and possibly 
manganese, tend to aggravate the condition. 
Therefore, although the correlation appears to 
be somewhat better than with the “ pearlitic”’ 
calculation, the proposed method of correcting 
the hardenability calculation does not agree 
with our observations and appears to be a 


*Research Metallurgist, Union Carbide 


and Carbon. Research Laboratories, Inc., 
Niagara Falls, N. Y 
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mathematical expedient rather than a rational 
solution of the problem. 

The 50 per cent martensite criterion of 
hardenability has no special significance, 
and difficulty of measuring it has led to a great 
deal of confusion. Further, the ferrite and bain- 
ite reactions are so complex as to make a 
rational interpretation improbable in the 
present state of our knowledge. It would seem 
that any correlation of hardenability with 
austenite transformation must be based on 
100 per cent martensite in order to simplify 
the problem and to evaluate hardenability in 
terms of real physical significance. The authors 
start in this direction is encouraging. 


I. R. Kramer.*—The authors are to be 
complimented for their explanation of the 
problems confrenting the investigators of 
bainitic hardenability. Several items, however, 
are worthy of more consideration. Messrs. 
Hollomon and Jaffe have pointed out that the 
rate of bainite transformation is affected by the 
fractional time spent in the pearlite region. 
They have applied this consideration to explain 
the effect of grain size on steels in which bainite 
limits the hardenability; but, in the derivation 
of the hardenability factors, the authors have 
assigned a value of unity tothe factor for 
molybdenum because it has very little effect on 
the bainite region in an isothermal! transforma- 
tion. Since molybdenum (like grain size) has a 
marked influence on the pearlite region, it 
logically follows that it will affect the bainite 
hardenability and that the value of one for the 
molybdenum factor is erroneous. The fact that 
the factors obtained by Hollomon and Jaffe 
were applicable for the calculation of the 
hardenability data of Hodge and Orehoski™ 
does not constitute proof of the accuracy of the 
individual factor curves. In the paper by 
Kramer, Siegel, and Brooks?* it was shown that 
it is possible to derive a system of multiplying 


* Metallurgist, Naval Research Laboratory, 
Washington, D. C 
hardenability data of Hodge and Orehoski** 

24J. M. Hodge and M. A. Orehoski: Re- 
lationship between Hardenability and Per- 
centage of Martensite in Some Low-alloy 
Steels. This volume, page 627. 

267. R. Kramer, S. Siegel and J. G. Brooks: 
Factors for the Calculation of Hardenability. 
This volume, page 670. 


factors in which the individual factors are 
incorrect but, owing to compensating effect, 
can be used to calculate the hardenability. To 
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Fic. 4.—CORRELATION BETWEEN OBSERVED 
IDEAL CRITICAL DIAMETER AND THOSE CALCU- 
LATED BY THE HARDENABILITY FACTORS OF 
KRAMER, SIEGEL AND Brooxs.*® 


emphasize this point further we wish to present 
Fig. 4, in which is shown, for the data of 
Hodge and Orehoski, a correlation between the 
observed ideal critical diameter and those 
calculated by the hardenability factors of 
Kramer, Siegel, and Brooks, indicating that 
these factors can also be used to calculate the 
hardenability of steels containing bainite, 
despite the fact that they are entirely different 
from those of Hollomon and Jaffe. 

Hollomon and Jaffe have attempted to 
explain the “fading”’ effect and the scatter of 
the hardenability data for molybdenum and 
chromium by assuming that hardenability is 
limited by the formation of bainite. No doubt 
this assumption may explain some of the vagar- 
ies, but the effect of undissolved carbides should 
not be underestimated. The effect of undis- 
solved carbides on the hardenability of several 
steels containing stable carbide-forming ele- 
ments may be seen in Table 4. These data 
were obtained from Jominy bars that were 
austenitized for 2 hr. at 2100°F. and rapidly 
transferred to a furnace at 1550°F. where they 
were held for 15 min. or 4 hr. To facilitate 
comparisons, and to correct for variations in 
grain size of steels GPN and GPK, the factors** 
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TABLE 4.—Effect of Undissolved Carbides on 
Hardenability 
Heat Treatment: 2100°F.., 2 hours. Transferred 
to furnace at 1550°F., held for indicated 
































time. 
7 — Devi- 
ime, tain ation, 
Steel Min. Di Size Factor Per 
Cent 
GPO 15 3-23 | 533 2.44 
240 2.80 542 3.13 13 
GPN 15 2.18 | 534 1.92 
240 2.63 144 1.81 6 
GPK 15 2.50 5 1.59 
240 2.33 214 1.26 21 
GPL 15 2.60 4-5 1.50 
240 2.30 4.0 1.39 9.3 
GPM 15 2.77 4 1.63 
240 2.57 3 1.42 13 
Composition, Per Cent 
Steel Cc Mn Si Various 
GPO 0.42 0.83 0.23 | Cr 0.66 
GPK 0.39 1.06 0.18 Ti 0.072 
GPN 0.34 0.81 0.11 Mo 0.34 
GPL 0.38 1.04 te a eae 
GPM 0.36 1.06 0.33 | Zr 0.078 

















for the carbide-forming elements are given. 
That the precipitation of carbides caused a 
marked decrease in the hardenability is evi- 
denced by a comparison of the ideal critical 
diameter or the hardenability factors of the 
steel held for 15 min. or 4 hr. at 1550°F. For 
steel GPO, the chromium factor decreased 13 
per cent; for the other steels the hardenability 
factors decreased from 6 to 21 per cent on long 
holding at 1550°F. after high-temperature 
austenitizing. In addition, it can be shown, by 
the data for acid-soluble as opposed to total 
titanium, that the amount of insoluble carbides 
is sufficient to explain the scatter of the harden- 
ability factors for titanium (Figs. 21 and 22 of 
reference 25). 

It would be of interest to know the length of 
time the bars were held at the various tempera- 
tures in the grain-size experiments performed 
by Hollomon and Jaffe. Since our experience 
has shown that undissolved carbides influence 
the hardenability, it is difficult to explain the 
authors’ results; however, it may be that if the 
steels were held at 1500°F. for a time long 
enough to establish a condition of equilibrium 
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for the solution of the carbides, the grain-size 
effect could be found; provided that the coales- 
ence of carbides do not interfere. 


R. A. ScHMuUCKER, Jr.*—The validity of 
applying the original Grossmann hardenability 
calculations to steels containing substantial 
percentages of chromium and molybdenum, 
and having 77T curves of the types showing 
two distinct ‘‘noses’”’ or points of maximum 
transformation has always appeared somewhat 
questionable to us. We therefore feel that the 
authors are to be particularly commended for 
their clarification of this problem by their 
proposal of separate factors for pearlitic and 
bainitic hardenabilities. 

It is believed that the presentation of some of 
our own hardenability data, representing a 
number of heats of modified SAE-1340, to- 
gether with hardenability calculations made 
according to the authors’ proposed methods, 
would be of interest. 

As part of an investigation carried out by M. 
Metzger, of the Atha Works Metallurgical 
Laboratory, some time prior to the presentation 
of the authors’ paper, Jominy specimens were 
cut from rather large cylindrical forgings repre- 
senting 13 heats of the modified SAE-1340 
steel, and then end-quenched from an austenit- 
izing temperature of 1750°F. Not only were the 
Jominy hardenability data obtained from these 
specimens, but also the distances from the 
quenched end at which a 50 per cent pearlitic 
structure occurred were measured metallo- 
graphically. Because of the particular require- 
ments of this investigation, only the 50 per | 
cent pearlite distance and not the 50 per cent 
martensite distance was measured. Later, when 
it was decided to use these data for checking 
hardenability calculated by the authors’ 
proposed methods, the specimens themselves 
were not available. Therefore, the 50 per cent 
martensite distances were measured by the 
inflection point method, and these distances 
were converted to equivalent D; values. The 
bainitic and pearlitic hardenabilities were then 
calculated from the analyses of the forgings, 
using the factors proposed by the authors. 

Some difficulty was encountered in the choice 
of a carbon factor for pearlitic hardenability 
calculations because heats of this steel showed 


* Metallurgist, Crucible Steel Company of 
America, Atha Works, Harrison, N. J. 
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a mixed though fairly similar grain size at hardenabilities are shown in Table 5. For 
1750°F. Since a grain size of 4 seemed a satis- _ ease of inspection, the data have been arranged 
factory average, the corresponding carbon _ in order of increasing actual D, value. In all 
factor was used for all heats. heats the bainitic hardenability was less than 

The chemical compositions, measured D; the pearlitic, indicating that bainite should 
values and calculated bainitic and pearlitic restrict the formation of martensite on con- 
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TABLE. 5.—Comparison of Actual D; Values with Calculated Values 
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Calculated Dy 
Mesiuies Der Cent 50 Per Cent Values (50 Per 
ee : Martensite nt. 
Martensite) 
Heat 
Code —— 
Jong Equiv- | Bainitic rae 
Cc Mn yi ¢.i Ni Cr | Mo |] Cu 1S- | alent |Harden-|,,"%° 
| | | tance, | in Dy | ability |Harden- . 
In. ability 3 
# 
5268 0.37 1.47 | 0.020} 0.033) 0.20 | 0.16 | 0.13 | 0.03 | 0.04 | 0.313 2.30 3.14 3.32 iz 
5244 0.44 | 1.48 | 0.010) 0.035] 0.30 ).22 | 0.10 | 0.04 | 0.03 | 0.406 2.62 3.48 3.78 # 
5198 0.42 | 1.49 | 0.020) 0.033) 0.27 | 0.18 | 0.13 | 0.05 | 0.04 | 0.468 2.85 3.51 4.00 ia 
5224 0.42 | 1.56 | 0.010) 0.035} 0.29 | 0.24] 0.14 | 0.05 | 0.05 | 0.468 2.85 ..9 4.28 t 
5202 0.43 | 1.58 | 0.015) 0.035) 0.27 | 0.18 | 0.21 | 6.05 | 0.06 |] 0.468 2.85 3.98 4.83 : 
5237 0.45 | 1.56 | 0.016) 0.027) 0.28 | 0.23 | 0.18 | 0.04 | 0.07 | 0.562 3.15 4.12 4.72 i 
xX 0.43 1.52 | 0.018) 0.033) 0.32 0.10 | 0.10 | 0.02 | 0.05 | 0.594 3.30 3.46 3-53 Fi 
5186 0.45 1.36 | 0.026) 0.035) 0.26 | 0.14] 0.19 | 0.04 | 0.06 | 0.625 3.45 3.58 4.10 1 
5133 0.45 1.55 0.024; 0.030) 0.28 0.10 | 0.12 | 0.03 | 0.09 | 0.625 3.45 3.71 3.96 i= 
5177 0.45 | 1.61 | 0.021) 0.037) 0.32 | 0.16 | 0.16 | 0.04 | 0.08 | 0.625 3.45 4.13 4.67 ; 
5179 0.42 | 1.56 | 0.018 0.033) 0.33 | 0.22 | 0.23 | 0.05 | 0.05 | 0.688 3.60 4-12 5.12 j 
5074 0.43 | 1.70 | 0.017) 0.034) 0.32 | 0.20 |] 0.14 | 0.04] 0.05 | 0.688 3.60 4.16 4.63 4 
4353 0.39 | 1.64 | 0.014) 0.041| 0.28 | 0.33 | 0.26 | 0.05 | 0.06] 0.812 4.00 4-33 5.47 | 
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tinuous cooling. This conclusion is substantiated 
by our previous metallographic examination of 
the Jominy specimens, which disclosed in all 
a zone of bainite separating the martensite at 
the quenched end from the pearlitic areas 
farther back on the specimen. However, the 
calculated bainitic hardenabilities are all 
somewhat greater than the actual D, values, 
the discrepancy being more apparent in heats 
of lower hardenability. No explanation for 
these discrepancies will be attempted. Never- 
theless, the calculated bainitic hardenabilities 
are always closer to the actual D; values than 
are the calculated pearlitic hardenabilities. 

A TTT curve representing a typical heat of 
this analysis austenitized at 1650°F. shows only 
a single point of maximum initial transforma- 
tion rather than distinctly separate regions of 
pearlitic and bainitic transformation. However, 
the products of transformation above 1000°F. 
were found to be distinctly pearlitic and those 
below g50°F. to be bainitic. 


TABLE 6.—Correlation of Jominy Distance 
for 50 Per Cent Pearlite with Calculated 
Pearlitic Hardenability 








Heat| 50 Per Cent Pearlite prticsinted ~ 
earlitic Harden- 

Code Jominy Distance, In. ability 
5268 | 1.38 3.32 
5198) 1 -_ 4.00 
52 1.63 3.78 

x* 1.75 3-53 
$133 | 1.75 3.96 
§186/ 1.75 4.10 
5224 | 2.38 4.28 
5074 | 2.44 4.63 
5177 | 2.50 4.67 
5237 | 2.75 4-72 
§202 | 3.13 4.83 
5179 2? per cent voartte @ 3% §.%2 
4353 | No pearlite @ 5.47 











As a point of interest, the heats shown in 
Table 5 have been arranged in Table 6 in 
order of increasing pearlitic hardenability 
with the corresponding measured Jominy dis- 
tances for a 50 per cent pearlitic, 50 per cent 
bainitic structure. The data show a general 
increase in calculated pearlitic hardenability 
with increasing Jominy distances for 50 per 
cent pearlite. (Reversals of the data occur in 
two heats.) 

As the authors have mentioned in their 
paper, the nonmartensitic products have 
rarely been identified in the literature of 
hardenability calculations. The data just given 
suggest that the identification of structures 


beyond the point of 50 per cent martensite on 
the Jominy specimen would give added infor- 
mation in future hardenability studies. Our 
experience with Jominy tests on the modified 
SAE-1340 analysis was that hardness measure- 
ments alone gave no indication of the change 
from a bainitic to a pearlitic zone on the 
specimen. 


J. H. Hottomon and L. D. Jarre (authors’ 
reply).—It is to be emphasized that the object 
of the paper is to point out that hardenability 
is not a single concept, but a dual or multiple 
one, and that in measurement and calculation 
of hardenability it is important to determine 
whether the limiting factor is the formation of 
pearlite or of bainite (or perhaps, of ferrite or 
of cementite). This is true regardless of the 
validity of the Grossmann or any other empiri- 
cal system of computing hardenability. The 
suggested modification of the Grossmann 
scheme and the numerical values suggested 
for use in it are recognized to be tentative and 
with little foundation and are proposed for 
use only until better information is available. 
They are not pertinent to the basic hardenabil- 
ity concept. 

The existence of an incubation effect through 
which holding in the pearlite range increases 
the rate of formation of bainite has now been 
verified experimentally for a hypoeutectoid 
steel.26 The importance of distinguishing 
incubation effects from direct effects upon the 
bainite reaction may be brought out by an 
example: Consider two steels, in one of which 
the pearlite and bainite noses involve times of 
the same order, while in the other the pearlite 
nose involves times very much longer than the 
bainite. In the first steel, a change (as in grain 
size) that produces a moderate shift in the 
pearlite nose is likely, through incubation, to 
produce also a moderate shift in the bainite 
nose. In the second steel, a moderate shift in 
the pearlite nose will have no significant effect 
upon the bainite nose. 

In the experimental grain-size study men- 
tioned in the paper, the minimum austenitizing 
treatment was 2 hr. at 1500°F.; no undissolved 
carbides could be detected in any of the speci- 
mens. Details are given in a forthcoming 


paper.”¢ 


%¢ J. H. Hollomon, L. D. Jaffe, and M. R. 
Norton: Anisothermal Decomposition of Aus- 
tenite This volume, page 4109. 








Hardenability and Quench Cracking 


By L. D. Jarre* anp Jonn H. Hottowon,t Junior Mempers A.I.M.E. 


(New York Meeting, October 1945) 


For many steel parts it is desired to 
obtain the maximum toughness consistent 
with the strength required by the mechani- 
cal design. It is generally recognized that 
the greatest toughness at any given 
strength is found in steels having a tem- 
pered martensitic structure,! and is vir- 
tually independent of the composition of 
the steel? (except for carbon). The choice 
of the composition of a steel for the parts 
in question should be based, therefore, on 
hardenability considerations and on manu- 
facturing facility and economy. 

In a recent paper’ the concept of harden- 
ability was discussed and a somewhat new 
approach to the problem was suggested. 
The hardenability was defined in terms 
of the cooling conditions (speed of cooling) 
required to avoid the pearlite and the 
bainite reactions. Since all the alloying 
elements do not have the same effects on 
the two reactions, the bainitic and pearl- 
itic hardenabilities must be considered 
separately. 

In order to design a steel for a given part, 
it is necessary to design a composition that 
has both sufficient pearlitic and sufficient 
bainitic hardenability. However, this re- 
quirement does not fix the combination of 
alloying elements to be used; an infinite 


The statements and opinions expressed in 
this article are those of the authors and do not 
necessarily express the views of the Ordnance 
Department. Manuscript received at the office 
of the Institute May 15, 1945. Issued as T.P. 
1927 in METALS TECHNOLOGY, January 1946. 

* Metallurgist, Watertown Arsenal Labora- 
tory, Watertown, Massachusetts. 

+ Captain, Ordnance Department, Water- 
town Arsenal. 

1 References are at the end of the paper. 


number of steels would have the required 
hardenabilities. Other considerations limit 
the choice. For example, decreasing the 
carbon content increases the toughness at 
a given hardness, and for this reason low- 
carbon steels are often desired. Limitations 
or requirements of refining, casting, or 
forming practices often affect the level of 
some of the alloying elements. Price con- 
siderations enter. Frequently, however, it 
is very desirable to minimize the tendency 
toward quench-cracking while maintaining 
the necessary hardenability. This paper is 
concerned with suggesting a method for 
choosing compositions that will have the 
required hardenability together with mini- 
mum tendency toward quench-cracking. 


QUENCH CRACKING 


Since only the case in which the entire 
part will transform to martensite in the 
particular quench employed is being con- 
sidered, the analysis of the quench-cracking 
problem is somewhat simplified. Quench- 
cracking arises from the temperature 
gradients existing throughout the piece 
during cooling. Because of these tempera- 
ture gradients, the contraction arising from 
the decreasing temperature and the expan- 
sion arising from the austenite-martensite 
reaction do not occur uniformly over the 
parts, and stresses are set up that tend to 
cause cracking. 

The temperature gradients can be re- 
duced by decreasing the severity of quench. 
This, however, requires that the harden- 
ability be correspondingly increased by 
increasing the carbon or alloy content. An 
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increase in carbon content is often undesir- 
able because it decreases the toughness of 
the steel both as quenched and after 
tempering to the required hardness, in- 
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the shape is properly designed for quench- 
ing and the quenching severity reduced as 
far as is desirable, many parts are likely to 
crack upon quenching unless the composi- 
tion is properly selected. Little can be done 
to minimize the thermal contraction. How- 
ever, the volume expansion that occurs 
during the austenite-martensite reaction 
(and is primarily responsible for quench- 
cracking) can be decreased. 


TABLE 1.— Effect of Carbon and Alloying 
Elements on M, Temperature 





Effect for Each Per Cent 
of Element 








| 
Element | 
| Deg. C.2 | Deg. F.® 
C (0. 20-0.90 per cent).. —spe | — 630 
SE ES — 40 | — 72 
ee ed ee eee — 35 | — 63 
Citra hn cease euice we | — 20 — 36 
| ERNE ta — 31 
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12 
.00 40 80 120 160 


PERCENT CARBON 


Fic. 1.—SPECIFIC VOLUMES OF AUSTENITE 
AND MARTENSITE VS. CARBON CONTENT, PLAIN 
CARBON STEELS, ROOM TEMPERATURE. 


creases the amount of austenite retained 
after the quench, with its associated diffi- 
culties, and may introduce some processing 
difficulties. Increasing the alloy content is: 
often undesirable because it increases, 
generally, the susceptibility to temper 
brittleness, increases the amount of re- 
tained austenite, increases the cost of the 
steel, and may introduce processing 
difficulties. Quench-cracking could, in prin- 
ciple, be eliminated by increasing the hard- 
enability until the steel would harden on 
furnace cooling, but in practice the factors 
just mentioned will set a minimum limit to 
the quenching severity that can be used. 
The shape of the part, as quenched, has, 
of course, a great effect upon its tendency 
to quench-crack. Nevertheless, even though 


* Selected from the literature(5.11-15) 
+’ Converted from deg. 


Changes in carbon content (Fig. 1) and 
in alloy content* affect the specific volume 
of austenite to about the same extent that 
they affect the specific volume of mar- 
tensite, at a given temperature. Thus, for 
constant temperatures of transformation, 
the volume change from austenite to mar- 
tensite is practically independent of com- 
position. However, because of the difference 
between the coefficients of thermal expan- 
sion for austenite and for martensite, the 
change in volume is markedly dependent 
upon the temperature at which the expan- 
sion takes place. The lower the temperature 
at which the martensite forms, the greater 
will be the expansion accompanying the 
transformation. Furthermore, the lower 


* This conclusion is based upon analyses of a 
considerable quantity of dilatometric data 
obtained at the Watertown Arsenal Labora- 
tory on steels of many compositions. 
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the temperature at which the martensite 
forms, the less is the stress relief that can 
occur during the quench, and the harder 
and less ductile is the martensite. Values 


“4 
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than only the M, temperature, but reliable 
data for the effect of composition upon 
the entire range are not available. 

Carbon affects the susceptibility to 
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FRACTIONAL INCREASE IN BAINITIC HARDENABILITY (IDEAL ROUND) PER °C LOWERING OF Mg 
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2.—RATIO OF EFFECT OF ALLOYING ELEMENTS UPON BAINITIC HARDENABILITY TO THEIR 


EFFECT UPON THE M, TEMPERATURE. 


for the effects of various elements upon the 
temperature at which the austenite to 
martensite reaction begins (M, tempera- 
ture) are given in Table 1. Zener’s inter- 
pretation of the martensite reaction‘ as 
well as the experimental data® indicate that 
the effects of alloying elements upon the 
M, temperature are additive. It may be 
more pertinent to quench-cracking to con- 
sider the entire martensite range rather 


quench-cracking, not only by lowering the 
M, temperature, but also in another way. 
The hardness of martensite increases and 
the ductility decreases with increasing 
carbon content. Thus, the possibility of 
marked plastic flow with concurrent de- 
crease of stress becomes less as the carbon 
content increases. 

In addition to increasing the tendency 
toward quench-cracking, a low M, tem- 
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perature has another undesirable effect; 
it increases the amount of austenite re- 
tained after the quench. This austenite 
may decompose during the tempering cycle 





CARBON 
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FRACTIONAL INCREASE IN PEARLUTIC HARDENABILITY (IDEAL ROUND) PER °C LOWERING OF Mg 


° sO 100 


to products that lower the toughness of the 
steel, while if the austenite is not decom- 
posed it may have other detrimental 
effects.* 

Thus, for a part of a given shape to be 


*It may be noted that while decreasing the 
severity of quench decreases the tendency 
toward quench-cracking, if the composition is 
unchanged and the steel transforms only to 
martensite, the resultant decrease in speed of 
cooling increases the amount of austenite 
retained. 


fully hardened in a given medium, the 
problem of designing a steel that will have 
the minimum tendency toward quench- 
cracking and austenite retention reduces 
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FIG. 3.—RATIO OF EFFECT OF ALLOYING ELEMENTS UPON PEARLITIC HARDENABILITY TO THEIR 
EFFECT UPON THE M, TEMPERATURE. 


to a more specific problem. It is necessary 
simply to design the steel to have the 
required hardenability with the maximum 
martensite start temperature. 


HARDENABILITY AND MARTENSITE-START 
TEMPERATURE 


It may be assumed that, to a first 
approximation, the pearlitic hardenability 
of hypoeutectoid steels may be calculated 
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from composition on the basis of the 
multiplicative system introduced by Gross- 
mann,°® using the data given in Table 2. 
It is, as yet, possible only to suggest a 
tentative system for calculating bainitic 
hardenability;? assumed values for use in 
this system are also given in Table 2. 

Since it is desired to compare the relative 
effects of the alloying elements upon 
hardenability and on lowering the mar- 
tensite transformation temperature, it is 
necessary to determine the effect of each 
element on the fractional increase in 
hardenability per degree lowering of the 
martensite transformation. 


such as vanadium,®’? boron,*’ and tita- 
nium,’*-* have not been considered, since 
even the data on their effect upon pearlitic 
hardenability are contradictory, and may 
indicate that this effect depends to some 
extent upon factors other than the amount 
of element contained in the austenite.) 
Since little is known concerning the effect 
of alloying elements on hypereutectoid 
steels, Figs. 2 and 3 are intended to apply 
to hypoeutectoid steels only. 

The higher a point on a curve for an. 
element of the figures, the greater the 
increase in hardenability per degree lower- 
ing of the M, temperature for further 


TABLE 2.—Effect of Carbon and Alloying Elements upon Hardenability (Ideal Round) 








Grossmann Pearlitic 











Assumed Bainitic 
Elements Hardenability Factors Hardenability Factor 
i= per cent martensite......... 0.338 X V % Cin. 0.494 X V % Cin. 
Essentially all martensite. .... 0.254 X V/ % C in. 0.272 X V/ % C in. 
a ee 174k a ee 1+ 4.10 X (% Mn) 
ES I + 2.83 X (% P) I + 2.83 X (% P) 
ee ee I — 0.62 X (%S) I — 0.62 X (%S) 
Si. 1+ 0.64 X (% Si) 1+ 0.64 X (% Si) 
Re ee oo aoe I + 2.33 X (% Cr) 1+1.16 X (% Cr) 
are 1+0.52 X (% Ni) I+ 0.52 X (% Ni) 
vat Jeas 1+ 3.14 X (% Mo) I 
Cu. 1+ 0.27 X (% Cu)4 I + 0.27 X (% Cu) 





* Calculated from data selec 


cted by Grossmann,!§ except copper factor. 


6 For grain size A.S.T.M. 7. For other grain sizes the constant differs.* 


¢ From Hollomon and Ja ffe.3 


4 Calculated from data of Kra mer, Hafner, and Toleman.® 


In Fig. 2 the fractional increase in 
bainitic hardenability (ideal round, Dy) 
per degree centigrade lowering of the mar- 
tensite start temperature (M,), 


d(D;) 
—_— — Di 
d(M,) 


is plotted for various amounts of the differ- 
ent alloying elements. Fig. 3 is the corre- 
sponding. plot for pearlitic hardenability. 
These figures are based upon the data 
presented in Tables 1 and 2. When more 
complete and accurate information be- 
comes available, the new data may be used 
but the general principles should remain 
unchanged. (The special addition elements, 


additions of that element. Moderate addi- 
tions of molybdenum increase the pearlitic 
hardenability with less lowering of the M, 
temperature than do additions of man- 
ganese, chromium, nickel, copper, or 
carbon. However, 0.30 per cent molyb- 
denum increases the pearlitic hardenability 
greatly, and is sufficient to ensure that the 
pearlitic hardenability is greater than the 
bainitic. Thus, it is only necessary to select 
the composition giving the desired bainitic 
hardenability with the maximum M, tem- 
perature and then add enough molybdenum 
to increase the pearlitic hardenability as 
far as may be needed. The choice of the 
combination of alloying elements other 
than molybdenum can, therefore, be based 
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upon bainitic hardenability versus M,,. 
(molybdenum itself has very little direct 
effect upon bainitic hardenability.) 

Fig. 2 indicates that the minimum in- 


2. 


However, in adding this element to cast 
steels, at least, it has been found that addi- 
tions much in excess of 0.50 per cent lower 
the impact properties.’ Possibly this de- 
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Fic. 4.—OPTIMUM PROPORTIONS FOR MANGANESE, NICKEL AND CHROMIUM BASED UPON MAXIMUM 
BAINITIC HARDENABILITY WITH MINIMUM LOWERING OF M, TEMPERATURE. 


crease in bainitic hardenability for a given 
lowering of the martensite-start tempera- 
ture is obtained with the addition of carbon 
(after the first 0.05 per cent). Thus, the 
carbon content should be kept to a mini- 
mum not only to permit the maximum 
toughness of the tempered steel and the 
minimum hardness of the quenched steel, 
but also to maximize the martensite trans- 
formation temperature. 

Since the addition of silicon does not 
affect the martensite transformation tem- 
perature (Table 1), yet increases the 
bainitic hardenability (Table 2), as much 
of this element should be added as possible. 


crease is due to the formation of certain 
silica-base inclusions. At least at present, 
the percentage of silicon that can be used 
is limited to about o.5o. 

Fig. 2 indicates that, of the three ele- 
ments manganese, nickel, and chromium, 
manganese should, theoretically at least, 
be added first until about 0.20 per cent is 
present. Then, since the next addition of 
manganese would lower the martensite- 
start temperature more than would an 
initial addition of chromium (for a given in- 
crease in hardenability), chromium should 
be added. But if chromium were added 
alone, the martensite-start temperature 
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would again be unnecessarily lowered, for 
the chromium curve will drop to a lower 
value than that for 0.20 per cent man- 
ganese. Therefore, after a steel contains 


available information as to the effect of 
the alloying elements on the bainitic 
hardenability and on the martensite-start 
temperature, manganese, nickel, and chro- 
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Fic. 5.—COMBINED HARDENABILITY FACTOR FOR MANGANESE, NICKEL AND CHROMIUM IN OPTIMUM 
. PROPORTIONS (AS GIVEN IN FIGURE 4). 


about 0.20 per cent manganese, chromium 
and manganese should be added together, 
and in such quantities that the points 
corresponding to their concentrations are 
on the same horizontal line in Fig. 2. These 
concentrations are indicated in Fig. 4. The 
same situation arises with regard to nickel; 
after the steel contains about 0.60 per cent 
manganese and o.80 per cent chromium, 
nickel, chromium, and manganese should 
be added together, and in such quantities 
that the points corresponding to their 
concentrations are on the same horizontal 
line in Fig. 2. These concentrations are also 
indicated in Fig. 4. Thus, based on the 


mium should be added simultaneously and 
in concentrations bearing a definite rela- 
tionship to each other. Instead, then, of 
considering individual hardenability factors 
for each element, it is possible to determine 
a combined factor for the three elements in 
the relative amounts given by Fig. 4 
This factor, plotted in Fig. 5 as a function 
of the manganese content, is a product of 
the individual factors for the three elements 
manganese, nickel, and chromium 

Fig. 2 indicates that for manganese con- 
tents above about 0.70 per cent, copper 
should be added simultaneously with 
manganese, chromium, and nickel. How- 
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ever, because copper has limited solubility 
in ferrite and causes age-hardening, it is 
not ordinarily considered as an alloying 
element for obtaining hardenability. 

Besides hardenability and tendency 
toward quench-cracking and retention of 
austenite, other considerations may in- 
fluence the choice of alloying elements. 
High-manganese and high-chromium heats 
cannot be made by certain steelmaking 
practices, certain alloying elements may be 
unavailable or too costly, and so on. How- 
ever, the composition of the steel should be 
adjusted as suggested in this paper if the 
required hardenability is to be obtained 
with minimum tendency toward quench- 
cracking and toward retention of austenite. 

It must be emphasized that the numeri- 
cal values mentioned in this paper are 
tentative, since they are based upon incom- 
plete data, and are used simply because no 
better values are available. When better 
data are obtained, the numerical values 
can be changed. However, it is believed 
that the principles described herein will 
nevertheless apply. 


SUMMARY 


In order to attain the hardenability 
required for a steel part to be fully hard- 
ened by a given treatment with a minimum 
susceptibility to quench-cracking and to 
retention of austenite, the composition 
should be such that further slight addi- 


tions of each element give as great a frac-~ 


tional increase of hardenability per degree 
lowering of the martensite temperature 
range as possible. On the basis of the data 
now available, this means that for hypo- 
eutectoid steels: 

1. The carbon should be as low as 
possible. 

2. Silicon should be as high as is consist- 
ent with good steel quality and toughness. 

3. Manganese, chromium, and _ nickel 
concentrations should bear a definite 
relationship to each other (indicated in 
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Fig. 4) and should be as high as is necessary 
to give the required bainitic hardenability. 
4. Molybdenum should be added in the 
quantity necessary to give the required 
pearlitic hardenability once the required 
bainitic hardenability has been obtained. 
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DISCUSSION 
(I. R. Kramer presiding) 


C. Wetts.*—The general approach of the 
authors to the problem of designing composi- 
tions for quenched and tempered steels is 
highly commendable. One expects that, other 
things being equal, the danger of cracking is on 
the average likely to be less in a steel with a 
high Ms than in one with a low Ms, especially 
if the My, too, is higher in the steel with the 
higher Ms point. However, to date, efforts 
made at the Carnegie Institute of Technology 
to correlate (1) cracking susceptibility with 
Ms, and (2) cracking susceptibility with D,, 
have completely failed. Several hundred D, 
and Ms values were calculated from SAE-4335 
composition data. The range of D; values 
among several heats varies between the limits 
of 7.03 and 11.94 in., and the range of Ms 
values between the limits of 274°C. (525°F.) 
and 326°C. (620°F.). A plot of Ms values versus 
the percentages of cracked tubes per heat 
showed: (1) considerable scatter, and (2) the 
correlation coefficient to be close to zero. A 
similar plot in which D; values were substi- 
tuted for Ms also showed no correlation be- 
tween D; and cracking susceptibility. 

Despite the general soundness of the authors’ 
logic, at least for the commercial tubes studied 
at C.I.T., the major losses imposed on industry 
by quench cracks have resulted from causes 
other than the choice of unsuitable composi- 
tions. Of these causes may be mentioned: (1) 
stress raisers (flakes, forging cracks, seams, 
segregation, nonmetallic inclusions), (2) lack 
of uniformity of the ingot primary structure. 

It has been observed among heats of essen- 
tially the same composition (SAE-4335) that 
cracking susceptibility varies considerably; 
occasionally quench cracks have been observed 
in every tube from a given heat, while no 
quenching cracks have been observed in any 
tube from several other heats having a compo- 
sition similar to that of the heat containing the 
cracked tube. The percentage of tubes lost from 
one heat because of quench cracks was zero 


* Metals Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh, Pennsy]l- 
vania. This discussion is based on contributions 
made by J. W. Spretnak, I. Broverman, and 
C. F. Sawyer in a study of the causes of and 
remedies for cracking in tubes. 


despite the fact that the average cracking 
susceptibility according to a test developed at 
C.I.T. was relatively high while the percentage 
of tubes lost from another heat was quite high, 
despite the fact that the determined average 
cracking susceptibility of this heat was quite 
low. As far as is known, the heat-treatment was 
essentially the same for both heats. 

According to the authors, reducing the sever- 
ity of quench results in a lessened tendency of a 
part to quench-crack when quenched com- 
pletely to martensite. The experiences of a 
number of investigators may have raised 
doubts in their minds as to whether this is 
always true. It is understood, for example, that 
A. J. Herzig'* has presented data that show 
that in the quenching of 37-mm. and 3-in. shot 
made of 4150 grade steel, where longitudinal 
cracks were observed an increased rate of 
quenching resulted in less cracking. Mr. Herzig 
has conveyed the thought that when the rate 
of cooling varies, the distribution and magni- 
tude of residual stresses vary also; these 
residual stresses may be favorable or unfavor- 
able. In his experience with shot of 37-mm. and 
3-in. sizes, a more drastic quench apparently 
resulted in a more favorable distribution of 
stress, therefore he recommended that the shot 
should be more drastically (not less drastically) 
quenched. 

The authors have suggested a procedure for 
designing compositions that seems to offer 
considerable promise. However, the extent to 
which it may be used commercially to practical 
advantage has still to be demonstrated. An 
investigation at C.I.T. is now being made of the 
influence of composition on the cracking sus- 
ceptibility of tubes, and it is hoped that as a 
result of this the practical significance of the 
author’s approach for designing compositions 
to give the required physical properties and the 
minimum susceptibility can be evaluated. 


L. D. Jarre and J. H. Hottomon (authors’ 
reply).—There is no doubt that factors other 
than composition, such as steel shape and 
quenching procedure, seams and flakes, have 
marked effects upon the likelihood of quench- 
cracking. In the experimental work cited by Dr. 


18 A. J. Herzig: The Metallurgical Labora- 
tory in War Production. Presented before the 
Washington, D. C., chapter of the American 
Society for Metals, November 9, 1942. 
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| Wells, the Mg temperatures varied by only 
hi 50°C. The effect upon quench cracking of this 
comparatively small change in Mg was evi- 
i dently hidden by the effects of changes in the 
other variables. On the other hand, there is no 
j doubt that the effect of composition upon 
; quench cracking may sometimes be very large: 
surely 0.90 per cent carbon steels are more 
likely to crack than 0.30 per cent steels. 

When quench cracking is encountered, efforts 
to improve the mechanical design, the quench- 
ing procedure, and the steel quality are indi- 
cated, of course. Cases of cracking have been 
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noted, however, even though design, quenching 
procedure, and steel quality were apparently 
as good as possible. Adjustments in composition 
that would decrease the tendency to quench 
cracking would clearly be desirable in such cases. 

It appears to be true that increasing the 
severity of quench occasionally decreases the 
tendency toward quench cracking in fully 
hardened steel. This was observed and ex- 


plained by Scott!* some time ago. 





19H. Scott: Origin of Quenching Cracks. 
Sci. Papers, 


399-444. 


Nat. Bur. of Stds. (1925) 20, 


Relationship between Hardenability and Percentage of Martensite 
in Some Low-alloy Steels 


By J. M. Hopcre* anp M. A. ORrEHOSKITf 


(New York Meeting, October 1945) 


It is now generally conceded that if a 
steel is to develop optimum physical 
properties in the conventionally quenched 
and tempered condition, the microstruc- 


under the heating and quenching condi- 
tions to which it will be subjected, and this 


premise is probably the most important 
reason for hardenability control. 
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Distance From Quenched End-inches 
Fic. 1.—TYPICAL CURVES FOR PERCENTAGE OF MARTENSITE VERSUS DISTANCE FROM QUENCHED END. 


ture after quenching should consist wholly 
of martensite; and that transformation 
of austenite to intermediate-temperature 
products during quenching will have a 
deleterious effect upon the physical prop- 
erties, particularly the toughness, of the 
tempered material. This implies that, in 
order to obtain the optimum physical 
properties from a given steel, its “‘harden- 
ability” should be high enough to suppress 
all transformation except that to martensite 

Manuscript received at the office of the 
Institute Dec. 1, 1944. Listed for New York 
Meeting, February 1945, which was canceled. 
Issued as T.P. 1800 in METALS TECHNOLOGY, 
September 1945. 

* Development Engineer, Carnegie-IIlinois 
Steel Corporation, Pittsburgh, Pennsylvania. 


t Metallurgist, Duquesne Works, Carnegie- 
Illinois Steel Corporation. 


However, the criterion of hardenability 
that at present is most widely accepted 
and used is based on a microstructure of 
50 per cent martensite. This criterion, 
which was suggested by Grossmann,' does 
have cons‘derable justification. It may be 
readily measured by a fracture or etch 
test and, since it represents the point at 
which the hardness is changing most 
rapidly with variations in cooling rate, it 
may be determined empirically from a 
hardness-depth curve by determining the 
point of steepest slope (the inflection 
point). Furthermore, in plain carbon steels 
or in steels of low hardenability, the 
difference in hardenability expressed in 


1 References are at the end of the paper. 
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terms of a 50 per cent martensite micro- 
structure and one of full martensite will 
not be large, and a hardenability only 
slightly in excess of that indicated by the 
50 per cent martensite criterion will suffice 
to ensure full hardening to martensite. 
However, with steels of higher harden- 
ability, the difference between harden- 
ability on the basis of 50 per cent mar- 


quench tests to determine the relationship 
between the percentage of martensite and 
the distance from the quenched end. These 
distances were then converted to harden- 
ability values in terms of ideal diameter, 
using the relationship as determined by 
Grossmann,” and the hardenability value 
for the microstructure of so per cent 
martensite plotted against that for 99.9, 


TABLE 1.—Chemical Analyses of Specimens 














Analyses, Per Cent 
Specimen No. Grade a 
j | | 

Cc Mn P | 2 se Te ee 

I A-813 C-1050 0.48 0.88 0.022 0.028 | 0.26 0.05 0.05 0.01 
2 A-81 C-1080} 0.79 0.81 0.020 0.031 0.21 0.02 0.05 0.01 
3 A-858| NE-1340] 0.38 1.75 0.027 0.026 0.3% | 0.02 0.05 0.01 
4 A-734| NE-8615] 0.15 0.85 0.010 0.013 0.20 0.48 0.50 0.23 
5 AA-233} NE-8620 0.19 0.76 0.022 0.021 0.26 | 0.56 0.46 0.26 
6 A-752| NE-8622 0.23 0.77 0.016 0.031 0.26 | 0.28 0.40 0.15 
7 A-835| NE-8625 0.25 0.75 0.011 0.01! 0.22 | 0.60 0.49 0.19 
8 AA-239|} NE-8627 0.28 0.74 0.016 0.013 0.25 0.53 0.49 0.19 
9 A-857| NE-8630 0.32 0.81 0.013 0.010 0.26 0.47 0.50 0.21 
10 A-861 | NE-8640 0.39 0.87 0.011 0.009 0.30 0.50 0.50 0.24 
II AA-73 NE-8645 | 0.44. 0.85 0.015 | 0.023 0.29 0.51 0.45 0.25 
12 A-853| NE-8650/ 0.48 0.88 0.013 0.012 0.29 0.55 0.47 0.22 
13 A-860 |} NE-9420 0.21 0.97 0.010 0.011 0.27 0.50 0.50 0.22 
14 A-744| NE-9420 0.22 0.91 0.016 0.030 0.27 0.30 0.32 0.20 
15 AA-411| NE-9440| 0.39 1.21 0.016 0.026 0.24 0.56 0.45 0.14 
16 AA-320| NE-9440/ 0.40 1.18 0.028 0.027 0.28 0.54 0.43 0.14 
17 AA-129|} NE-9440| 0.41 1.12 0.027 0.025 0.29 0.44 0.44 0.14 
18 AA-387 |} NE-9440 0.42 I.1I 0.020 0.030 0.14 0.49 0.43 0.12 
19 A-583 A-4130 0.30 0.53 0.017 0.014 0.25 0.13 0.97 0.20 
20 A-805 A-4130 0.31 0.58 0.015 0.012 0.25 0.12 0.91 0.20 
21 A-781 A-4134| 0.34 0.58 0.014 0.015 0.25 0.04 0.92 0.19 
22 AA-393 E-4135| 0.35 0.84 0.020 0.022 0.24 0.07 0.95 0.24 
23 A-802 A-4134| 0.36 0.62 0.010 0.010 0.27 0.13 0.91 0.19 
24 AA-298 A-4137| 0.36 0.80 0.017 0.015 0.27 0.1! 1.00 0.23 
25 A-621 A-4137 0.37 0.88 0.016 0.017 0.24 0.09 0.96 0.19 
26 A-616 A-4137 0.37 0.87 0.010 0.017 0.27 0.12 0.92 0.20 
27 A-615 A-4137 0.38 0.87 0.009 0.015 0.28 0.09 0.93 0.19 
28 AA-430 A-4137 0.38 0.88 0.016 0.072 0.26 9.08 0.96 0.22 
29 AA-170 A-4137 0.38 0.80 0.016 0.021 0.28 0.08 0.97 0.24 
30 AA-417 A-4330 0.26 0.47 0.010 0.017 0.21 1.73 0.73 0.39 
31 AA-185 A-4330]} 0.28 0.51 0.010 0.018 0.32 1.73 0.63 0.39 
32 AA-343 A-4330 |} 0.30 0.72 0.013 0.013 0 30 1.73 0.52 0.28 
33 A-881 | SAE-4620| 0.19 0.56 0.010 0.014 0.29 1.77 0.18 0.23 
34 A-819 | SAE-4820/| 0.19 0.64 0.011 0.007 0.23 2.22 0.22 0.25 
35 AA-204 0.51 1.02 0.031 0.036 0.19 0.03 0.35 0.01 
































tensitic structures and full hardenability 
to martensite may prove to be considerable 
and this difference is a function of the 
hardenability. The purpose of the present 
work is to study this relationship in steels 
of medium hardenability as exemplified 
by the NE 8600 or the SAE 4100 types 
of composition. 


EXPERIMENTAL PROCEDURE 


The general procedure consisted of a 
metallographic study of a series of end- 


95, 90 and 8o per cent martensite. In addi- 
tion, the hardenabilities on a 50 per cent 
martensite basis were calculated from the 
chemical composition using the method 
developed by Grossmann’® and the cal- 
culated values compare with the results 
of the metallographic determination. Rock- 
well hardness values corresponding to these 
microstructures were also determined on 
each sample and the results were plotted 
against carbon content. The samples were 
cut from routine Jominy hardenability tests 
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made at the laboratory of the Duquesne 
Works of the Carnegie-Illinois Steel Cor- 
poration. The details of the procedure were 
as follows: 

A sample, 14 in. long, was cut from the 
quenched end of each Jominy bar. The 
surface, which had been ground for hard- 
ness determination, was polished and 


fields averaged to obtain the average per- 
centage at each depth. The shortest dis- 
tance at which o.1 per cent high-tempera- 
ture transformation occurred was also 
noted and recorded as the distance to 
99.9 per cent martensite. These values 
were then plotted as percentage of mar- 
tensite versus distance, yielding a family 


TABLE 2.—Distances from Quenched End and Corresponding D; Values 


















































99-9 Per Cent | 95 Per Cent | 90 Per Cent 80 Per Cent 50 Per Cent 

Martensite Martensite Martensite Martensite Martensite Cal 
Specimen No. rok a Ee lated 

Dist. | Di Dist. | Dr | Dist. Dr Dist. Dr Dist. Di D1 

Cad 

I A-813 0.096 | 1.20 | 0.120 | 1.30 | 0.140 | 1.40 | 0.160 | 1.50 | 0.185 | 1.65 1.45 
2 A-81 0.090 | I.15 | 0.140 | 1.40 | 0.160 | 1.50 | 0.170 | 1.55 | 0.190 | 1.65 1.60 
3 A-858 0.138 | 1.40 | 0.250 | 1.95 | 0.325 | 2.25 | 0.400 | 2.60 | 0.490 | 2.95 2.60 
4 A-734 0,090 | 1.15 | 0.130 | 1.35 | 0.155 | 1.50 | 0.195 | 1.70 | 0.250 | 1.95 3.35 
5 AA-233 0.090 | 1.15 | 0.175 | 1.60 | 0.195 | 1.70 | 0.21§ | 1.75 | 0.260 | 2.00 3.80 
0 A-752 0.110 | 1.25 | 0.170 | 1.55 | 0.190 | 1.65 | 0.215 | 1.75 | 0.260 | 2.00 2.54 
7 A-835 0.112 | 1.25 | 0.195 1.70 | 0.220 | 1.80 | 0.250 | 1.95 | 0.295 | 2.15 4.00 
8 AA-239 0.110 | 1.25 | 0.170 | 1.55 | 0.190 | 1.65 | 0.210 | 1.7 0.260 | 2.00 3.90 
9 A-857 0.128 | 1.35 | 0.210 | 1.75 | 0.250 | 1.95 | 0.290 | 2.15 | 0.345 | 2.35 4.45 
10 A-861 0.160 | 1.50 | 0.300 | 2.15 | 0.365 | 2.45 | 0.435 | 2.70 | 0.550 | 3.15 5.50 
#1 AA-73 0.149 | 1.45 | 0.310 | 2.20 | 0.360 | 2.40 | 0.420 | 2.65 | 0.545 | 3.15 5.60 
12 A-853 0.198 | 1.70 | 0.330 | 2.30 | 0.410 | 2.65 | 0.500 | 3.00 | 0.605 | 3.35 6.10 
13 A-860 0.117 | 1.30 | 0.150 | 1.45 | 0.170 | 1.55 | 0.205 | 1.75 | 0.270 | 2.05 4.30 
14 A-744 0.095 | 1.20 | 0.145 | 1.45 | 0.170 | 1.55 | 0.200 | 1.70 | 0.250 | 1.95 3.10 
I5 AA-4II 0.170 | 1.55 | 0.335 | 2.35 | 0.400 | 2.60 | 0.470 | 2.85 | 0.585 | 3.30 6.40 
16 AA-320 0.235 | 1.90 | 0.425 | 2.70 | 0.500 | 3.00 | 0.590 | 3.30 | 0.720 | 3.75 5.90 
17 | AA-129 0.186 | 1.65 | 0.340 | 2.35 0.410 | 2.65 | 0.470 | 2.85 | 0.570 | 3.20 5.50 
18 | AA-387 0.185 | 1.65 | 0.315 | 2.25 | 0.360 | 2.40 | 0.415 | 2.65 | 0.495 | 3.00 5.40 
19 | A-583 0.160 | 1.50 | 0.250 | 1.95 | 0.285 | 2.10 | 0.345 | 2.35 | 0.400 | 2.60 4.00 
20 A-805 0.133 | 1.35 | 0.210 | 1.75 | 0.260 | 2.00 | 0.330 | 2.30 | 0.400 | 2.60 4.20 
21 A-781 0.139 | 1.40 | 0.210 | 1.75 | 0.250 | 1.95 | 0.310 | 2.20 | 0.360 | 2.40 4.30 
22 AA-393 0.195 | 1.70 | 0.340 | 2.35 | 0.410 | 2.65 | 0.480 | 2.90 | 0.610 | 3.40 6.50 
2 A-802 0.168 | 1.55 | 0.240 | 1.90 | 0.300 | 2.15 | 0.370 | 2.45 | 0.450 | 2.80 4.70 
24 AA-298 0.210 | 1.75 | 0.365 | 2.45 | 0.425 | 2.70 | 0.490 | 2.95 | 0.625 | 3.45 5.90 
25 | A-621 0.182 | 1.60 | 0.340 | 2.35 | 0.425 | 2.70 | 0.520 | 3.05 | 0.660 | 3.55 6.40 
26 A-616 0.154 | 1.50 | 0.320 | 2.25 | 0.390 | 2.55 | 0.490 | 2.95 | 0.590 | 3.30 6.20 
27 A-615 0.150 | 1.45 | 0.340 | 2.35 | 0.410 | 2.65 | 0.490 | 2.95 | 0.590 | 3.30 6.30 
28 AA-430 0.180 | 1.60 | 0.310 | 2.20 | 0.360 | 2.40 | 0.425 | 2.70 | 0.530 | 3.10 6.10 
29 AA-1I70 0.164 | 1.50 | 0.300 | 2.15 | 0.355 | 2.40 | 0.405 | 2.60 | 0.500 | 3.00 6.15 
30 AA-417 0.210 | 1.75 | 0.415 | 2.65 | 0.475 | 2.90 | 0.550 | 3.15 | 0.700 | 3.60 7.00 
31 AA-185 0.220 | 1.80 | 0.400 | 2.60 | 0.465 | 2.85 | 0.545 | 3.15 | 0.690 | 3.65 7.50 
32 | AA-343 0.175 | 1.60 | 0.380 | 2.50 | 0.450 | 2.80 | 0.550 | 3.15 | 0.690 | 3.65 7.50 
ee A-881 0.106 | 1.25 | 0.165 | I.55 | 0.195 | 1.70 | 0.235 | 1.90 | 0.300 | 2 15 2.90 
34 «| A-819 0.191 | 1.65 | 0.285 | 2.10 | 0.335 | 2.35 | 0.290 | 2.55 | 0.500 | 3.00 6.60 
35 AA-204 | 0.100 | 1.20 | 0.200 | 1.70 | 0.225 | 1.85 | 0.260 | 2.00 0.305 | 2.20 2.40 








etched in picral. It was generally necessary 
to grind somewhat deeper than for hardness 
determination in order to get a wide enough 
surface for metallographic determination. 
The specimens were then examined at a 
magnification of 1000 diameters at every 
0.1 in., or in some cases every 0.05 in. from 
the quenched end. At least six, and when 
banding was most pronounced, as many as 
15 fields were examined at each distance, 
the percentage of martensite in each field 
being estimated by comparison with a 
standard chart and the values of the several 


of curves as shown in Fig. 1. The distances 
corresponding to 99.9, 95, 90, 80 and 50 per 
cent martensite were then read from these 
curves for each sample. These distances 
were then converted to hardenability 
values in terms of ideal diameter, using the 
relationship as developed by Grossmann, 
and the so per cent value plotted against 
the 99.9, 95, 90 and 8o per cent values. 
Rockwell hardness measurements were 
made every 6 in. on the surfaces as 
polished for microexamination, these re- 
sults were plotted and the hardnesses at 
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the distances corresponding to 99.9, 95, 
go, 80 and 50 per cent martensite were 
read from these curves. These hardness 
values were then plotted against carbon 
content for each of the microstructures. 


COMPOSITIONS 


Check analyses of the materials studied 
are tabulated in Table 1. The compositions 


cent martensite structures as well as the 
calculated 50 per cent martensite values are 
tabulated-in Table 2. The results of the 
Rockwell hardness surveys are tabulated 
in Table 3, and the hardness values at the 
99.9, 95, 90, 80 and 50 per cent martensite 
levels in Table 4. 

The Dy; values for 99.9, 95, 90, and 80 
per cent martensite, respectively, are 


TABLE 3.—Rockwell C Hardness Surveys of End-quenched Hardenability Tests 





Distance from Quenched End, in Sixteenths of an Inch 





ge | ot | 
men I 2 | 3 4 | 5 | 6 
No. 





Rockwell Hardness, C 





I 60.5 58 41.5 32 31 31 
2 65 63 49 4! 40 39. 
3 57.5 | 57 53 52 49.5 45 
4 41 36 29.5 26 22.5 20 
5 44.5 | 43 27:5 1.3% 27 24 
6 45.5 45 39.5 31.5 27 23. 
7 48.5 48 42.5 36 33 29. 
8 4 46 41.5 37 32 28 
9 51.5 | 49.5 | 47.5 | 44 39 34 
10 57.5 57.5 56 54.5 53-5 51 
II 57-5 57 56 55 53.5 51 
12 57.5 57 57 55 
13 44 44 39 32.5 28 27 
14 44 43 37.5 | 32 26 24 
15 55.5 54.5 54 54 52 51 
16 58 58 56 56 54.5 54 
17 58 57-5 55.5 54 50 30 
18 56.5 56.5 54.5 | 54.5 52 52 
19 52.5 52 49.5 | 49 4! 39 
20 50.5 | 50.5 | 47 43 38 35 
21 53 52.5 50 46 41 35 
22 54 54 53 53 51 47 
23 54.5 54 52.5 52 48.5 45 
24 53 52 52 51 50 48 
2 56.5 | 56 55.5 | 54 52 50 
2 56.5 | 56 56 55-5 | 52 50 
27 57.5 | 56 56 56.5] 55 52 
28 55 55 55 54 51 47 
29 54.5 54.5 53 51 49 47 
30 49.5 49 48 48 47-5 47 
31 50 49.5 50 49 48.5 47 
32 50 50 50 49.5 47.5 47 
33 46 ~ 44 39 32 27 
34 44.5 43-5 | 44 42 4I 41 
35 59 55.5 50 45 36 























30 | 
5 39 
41 37-5 | 34 31 30 
19 18.5 } | 
5 22 | 
£{- 30 29.5 
27 25 
31 29 
49 46.5 | 43 40 39 36 
49 44.5 | 40.5] 37 asl es 
-5 52.5 50 47 45.5 43 | 40.5 
25 24 
rte 21 | 
49 48 46.5 | 45.5] 43 | 40.5 
5 52 51 48.5 | 45 42 | 40.5 
46 42 40 38 35-5 | 34 
.5 44 40 36 34 a3 CUw| at 
.§ | 38.5 | 38 36.5 | 35 
34.5 33 30 28.5 } 
is 34 31 30 29.5 28.5 | 27.5 
-5 43-5 42.5 39.5 38.5 a. | 2 
40 39 35 32.5 a > TORS 
-S | 47 44 42 38.5 38 37 
5 49.5 48.5 46.5 43 42 40 
5 49.5 45 44 40 39 37 
.§ 49 48.5 45 45 40 37-5 
5 45 44 4! 39 38 
44.5 42.5 40 38 36 35.5 
44 42.5 40 38 36.5 35 
46.5 42.5 42.5 39.5 39 36.5 
44.5 43 40 38.5 35 36 
23 
36 36 33-5 31 30.5 
32 30 























include the following types over a range of 
0.15 to 0.79 per cent carbon: (1) plain car- 
bon, (2) NE 1300 series, (3) NE 8600 
series, (4) NE 9400 series, (5) SAE 4100 
series, (6) SAE 4300 series, (7) SAE 4800 
series, (8) SAE 4600 series. 


EXPERIMENTAL RESULTS 
Hardenability Relationships 
The distances and corresponding D, 
values for the 99.9, 95,. 90, 80 and so per 


shown plotted singly against the so per 
cent martensite D; values in Figs. 2, 3, 4 
and 5. The plot for 99.9 per cent martensite 
shows the widest scatter, and it is felt that 
this is largely the result of microsegrega- 
tion, as the 99.9 per cent value represents 
the lowest hardenability point on the 
sample examined and not an average value, 
as do the other measurements. The average 
lines of these curves are shown plotted 
together in Fig. 6. 
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The significance of these relationships 
will perhaps be more apparent if plotted 
as in Fig. 7, which illustrates the manner 
in which the hardenability on the basis of 
the higher percentages of martensite varies 


TABLE 4.—Rockwell C Hardness at Different 
Percentages of Martensite 





























99-9 % % 0% | 80% | 50 % 
; . Mar- ar- ar- | Mar- | Mar- 
Specimen No. | ten. | ten- | ten- | ten- | ten- 
site site site site site 
1 | A-813| 59.5/58 | 55 | 50 | 43 
2 | A-81 64.5 | 63 60.5 | 57 | 54 
3 | A-858 | 56 52 48.5 | 43.5 | 38.5 
4 | ._ A-734| 40 35-5 | 33 29 «=| 26 
5 | AA-233) 44 40.5 | 38 36 31 
6 A-752/ 45.5 | 41.5 | 39 35-5 | 30.5 
7 A-835 | 48.5 | 41.5 | 39 35 | 33-5 
8 | AA-239| 47 44 42.5 | 40 | 35 
9 A-857| 49.5 | 46 44 41 36.5 
10 A-861 | 56.5 | 53.5 | 51.5 | 49 43.5 
1r | AA-73 | 56.5 | 53 51 48 4I 
12 A-853 | 58 56.5 | 54 | SO 46 
13 A-860 | 44 42.5 | 40.5 | 37 31 
14 A-744| 43.5 | 41.5 | 39.5 | 36 | 32 
15 | AA-4II/ 54.5 | 51.5 | 50 48 | 46 
16 | AA-320/ 56 §2.5 | 51 47.5 | 4! 
17 | AA-129| 56 51.5 | 48 44.5 | 39.5 
18 | AA-387/ 54.5 | 53.0 | §2 47 4! 
19 A-583 | 51 48.5 | 45 40 39 
20 A-805 | 50 45.5 | 42 37.5 | 35 
21 A-781 | 52 49 46 41 36.5 
22 | AA-393| 53 49.5 | 44.5 | 42 38 
23 A-802| 53 52 49.5 | 45 40 
24 | AA-298/| s1.5 | 48.5 | 46.5 | 44 38.5 
25 A-621| 55.5 | St 49.5 | 47.5 | 42.5 
26 A-616 | 56 52 50.5 | 45 | 42 
27 A-615 | 56 54 SI 48.5 | 45 
28 | AA-430| 55 51 48.5 | 45 43 
29 | AA-170| 56.5 | 52 49 47 42.5 
30 | AA-417| 48 45 43 40.5 | 36 
31 | AA-185| 49.5'| 46.5 | 45 42 38 
32 | AA-343| 50 47 44 41 35 
33 A-881 | 45 41 38 34 28.5 
34 | _A-BI9| 44 42 | 41 39 35-5 
35 AA-204 | 59-5 | 56.5 | 54 | 50 44.5 





with the 50 per cent martensite harden- 
ability in terms of percentage of this 
hardenability value. 


Calculated versus Actual Hardenability 


The hardenability values as calculated 
from the chemical composition by the 
method of Grossmann are shown plotted 
against the actual hardenability as deter- 
mined metallographically in Fig. 8. Al- 
though the actual values are in most cases 
lower than the calculated values, and 
although the discrepancy increases as the 
hardenability increases, there seems never- 
theless to be a fairly. good straight-line 


relationship between the calculated and 
actual hardenabilities. Since the laboratory 
practice in making these hardenability 
determinations is to use a quenching tem- 
perature and holding time similar to that 
which will be employed in the commercial 
heat-treatment of the steel, it is felt that 
the relationship as shown in Fig. 8 is a 
reflection of the lack of complete carbide 
solubility and of the heterogeneity of the 
austenite accompanying commercial heat- 
treatment of steels of this type. This, 
therefore, implies that while the correla- 
tion of Fig. 8 would represent the probable 
relationship in commercial practice, this 
relationship will vary with the austenitiz- 
ing temperatures and times used in the 
hardenability determination. 

The results of Figs. 6 and 8 are combined 
in Fig. 9, to form a basis for the prediction 
of the hardenability in terms of the desired 
percentage of martensite from the cal- 
culated hardenability on the basis of 50 
per cent martensite. 


Microstructures 


Typical microstructures of the 99.0, 
95, 90, 80 and 50 per cent martensite levels 
in a NE 8640 steel are shown in Figs. 10 
through 14. The nonmartensitic products 
seem to be predominantly upper bainite. 
This was characteristic of most of the low- 
alloy steels studied, although fine pearlite 
was observed in the plain carbon steels. 


Hardness Relationships 


Figs. 15 through 19 show the hardness 
values of the 99.9, 95, 90, 80 and 50 per 
cent martensitic structures plotted singly 
against carbon content, in order to illus- 
trate the spread of these results. In this 
case, the scatter increases as the percentage 
of nonmartensitic constituents increases, 
probably because of the rather wide 
variations in the transformation tempera- 
tures at which these products form. The 
average curves for these values are plotted 
together in Fig. 20. 
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DISCUSSION OF RESULTS 


Because of the relatively small number 
of steels studied, this work is not intended 
to represent a final quantitative answer to 
the relationships between hardenability 


tions having only one variable; that is, in 
compositions that are held constant except 
for variations in carbon content or a single 
alloying element. This would permit an 
analysis of the effects of carbon or the 
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Fic. 6.—AVERAGE RELATIONSHIP BETWEEN HARDENABILITY BASED ON HIGHER PERCENTAGES OF 
MARTENSITE AND 50 PER CENT MARTENSITE HARDENABILITY. 
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Fic. 7.—RELATIONSHIP BETWEEN HIGH MARTENSITE HARDENABILITY, 50 PER CENT MARTENSITE 
HARDENABILITY RATIO AND 50 PER CENT MARTENSITE HARDENABILITY. 


on the so per cent martensite basis and 
full hardenability, but rather as a pre- 
liminary survey to indicate the general 
direction of these relationships. As a 
matter of fact, it is felt that a more logical 
approach to a quantitative analysis of 
this problem would involve a study of 
these relationships in a series of composi- 


individual alloying elements on full harden- 
ability, and inasmuch as carbon and the 
alloying elements exhibit differences in 
their effect on transformation rates in the 
pearlite and bainite regions, it is probable 
that the relationships between harden- 
ability on the so per cent martensite basis 
and full martensitic hardenability would 
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be a function of the carbon and alloy 
combinations rather than of the harden- 
ability itself. However, lack of time, 
manpower and facilities have made this 


hardness values of a hardenability test 
such as an end-quench test the point 
corresponding to a desired percentage of 
martensite. The first of these may be , 
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Fic. 8.—RELATIONSHIP BETWEEN CALCULATED AND ACTUAL HARDENABILITY OF STEELS STUDIED 
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Fic. 9.—AVERAGE RELATIONSHIPS BETWEEN HARDENABILITY BASED ON HIGHER PERCENTAGES OF 
MARTENSITE AND CALCULATED HARDENABILITY. 


more comprehensive study impracticable 
at present and it is felt that the trends as 
indicated by the present study would be 
helpful in making an intelligent application 
of hardenability data. 

This study was initiated with two 
primary aims: (1) to enable workers to 
predict the full martensitic hardenability 
from a calculation of the hardenability on 
@ 50 per cent martensite criterion and 
(2) to enable them to determine from the 


accomplished by calculating the harden- 
ability on the 50 per cent martensite basis 
by the method of Grossmann, predicting 
the actual hardenability from Fig. 8 and 
then predicting the hardenability in terms 
of the desired percentage Of martensite 
from Fig. 7, or this may be read directly 
from Fig. 9. This work indicates that this 
prediction would be accurate within 
approximately plus or minus 0.3 in. in 
ideal diameter for low-alloy steels of the 






J.-M. HODGE AND M. A. OREHOSKI 


Fig. 10. 99.9 per cent martensite. 
Fig. 11. 95 per cent martensite. 
Fig. 12. 90 per cent martensite. 
Fig. 13. 80 per cent martensite. 
Fig. 14. 50 per cent martensite. 


FIGs. 10-14.—TYPICAL MICROSTRUCTURES OF MARTENSITE IN AN NE-8640 STEEL. X 1000. 4 PER 
CENT PICRAL ETCH. 
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types studied here, but further studies of relationships as shown will be useful in 
this nature may indicate wider discrepan- choosing compositions or applying harden- 
cies. Furthermore, it is felt that an attempt ability data for material that must be 
to extend these results to higher alloy heat-treated to optimum properties. 
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FIGS. 15-17.—HARDNESS OF MARTENSITE PRODUCTS AS FUNCTION OF CARBON CO. 


steels would result in large discrepancies The carbon-hardness curve for 99.9 
from the individual effects of the alloying per cent martensite seems to be accurate 
elements. However, it is felt that the within about 3 points Rockwell C, so that 
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Fics. 18-19.—HARDNESS OF MARTENSITE PRODUCTS AS FUNCTION OF CARBON CONTENT. 


FIG. 20.—AVERAGE RELATIONSHIPS BETWEEN CARBON CONTENT, HARDNESS AND PERCENTAGE OF 
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it does furnish a reasonable indication of 
the point of full martensite. However, with 
increasing amounts of transformation pro- 
ducts the scatter becomes larger, and the 
carbon-hardness curve would seem to be 
quite unsatisfactory as a means of esti- 
mating the corresponding microstructure 
in such cases. 

The magnitude of these differences 
between hardenability on the 50 per cent 
martensite basis and that based on full mar- 
tensite or martensite plus small amounts 
of higher-temperature transformation prod- 
ucts may be quite large in these low alloy 
steels (Fig. 7). For example, a steel having 
an ideal diameter of 3 in. on the 50 per 
cent martensite basis, such as steels of the 
8640 or 4140 series, will actually have 
only half that hardenability on the full 
martensite basis, or about 70 per cent of 
that value when 5 per cent of upper 
transformation products is present. 

In terms of commercial practice, this 
means that if 50 per cent of upper trans- 
formation products can be tolerated at the 
center of the section, this steel can be 
hardened in oil in about 1}4-in. diameter 
sections, but if full martensite is desired 
thorough hardening cannot be attained in 
sections more than approximately }4 in. 
in diameter. If 5 per cent of upper trans- 
formation products can be tolerated, the 
section size is still limited to about 0.8 
inches. 

The full significance of .these results 
cannot be realized until our knowledge of 
the effects if these upper transformation 
products upon physical properties is more 
complete, but it would seem that drfferences 
of this magnitude should be given careful 
consideration in the choice of compositions 
for critical parts, or in applying harden- 
ability data in cases where optimum 
properties are necessary. 


SUMMARY 


The relationships between hardenability 
based on a 50 per cent martensitic micro- 


structure and hardenability on the basis 
of higher percentages of martensite have 
been studied in some plain carbon and low- 
alloy steels by means of a metallographic 
survey of a series of end-quenched harden- 
ability tests. The results are presented 
graphically as follows: (1) A series of 
curves correlating hardenability on the 
50 per cent martensite basis with harden- 
ability on the basis of 99.9, 95, 90 and 80 
per cent martensitic structures, (2) curves 
correlating calculated and actual harden- 
ability on the basis of 99.9, 95, 90 and 
80 per cent martensite structures, and (3) 
curves correlating carbon content and the 
hardness of 99.9, 95, 90, 80 and 50 per 
cent martensitic structures. 
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DISCUSSION 


(C. M. Loeb, Jr., presiding) 


J. H. Hottomon* and L. D. Jarre.t— 
The authors are to be congratulated on obtain- 
ing information that has long been needed 
for the design of steels that are to be com- 
pletely martensitic upon quenching. The 
relationships presented by the authors for 
converting the ideal round size for one per- 
centage of nonmartensitic product to that 
for another percentage are extremely helpful 
in this regard. 

The data presented in Fig. 8 appear to 
illustrate a fundamental difficulty with the 
Grossmann system. The authors attribute 
the discrepancy between the calculated and 
measured hardenabilities to lack of complete 


carbide solution and to the heterogeniety of 


* Captain, Ordnance Department, Water- 
town Arsenal Laboratory, Watertown, Massa- 
chusetts. 

tT Metallurgist, Watertown Arsenal Labora- 
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the austenite before quenching. The dis- 
crepancy is, however, too large to be ac- 
counted for in this manner. Many steels of 
types similar to those investigated by the 
authors have been tested at the Watertown 
Arsenal Laboratory and special care has been 
taken to obtain as nearly complete carbide 
solution as possible. A large discrepancy has 
still been observed between the calculated and 
the measured hardenabilities, which is the 
subject of a paper by the present writers.* 

In this paper it is pointed out that the 
hardenability should be defined in terms of 
the cooling conditions (speeds of cooling) 
necessary to avoid the pearlite transformation 
and to avoid the bainite transformation. 
Since the alloying elements do not in general 
have the same effects upon the bainite and 
upon the pearlite transformations, two harden- 
abilities must be considered: the bainitic 
and the pearlitic. Grossmann and those who 
have subsequently measured the effects of 
alloying elements upon the hardenability 
were in general determining their effects on 
the pearlitic hardenability. Since for most of 
the steels studied by Hodge and Orehoski, 
bainite restricted the formation of martensite, 
the Grossmann system cannot be expected 
to apply. For alloy steels containing more than 
about 0.25 per cent molybdenum or about 
0.60 per cent chromium, bainite probably 
restricts the formation of martensite and a 
new system of calculating hardenability is 
required. A tentative system for this purpose 
is included in the paper just mentioned.‘ 


W. Crarts* and J. L. Lamont.*—This 
paper emphasizes an important phase of the 
study of hardenability that has been neglected 
unduly in the recent preoccupation with 
measurement of hardenability in terms of 
50 per cent martensite, and the authors are 
to be complimented on an effective pre- 
sentation of the subject. Although the depth 
of 50 per cent martensite hardening is very 
useful for calculating hardenability according 
to Grossmann’s method, it has little real 
significance except in high-carbon steels 
Several studies of the effect of as-quenched 


4J. H. Hollomon and L. D. Jaffe: The 

Hardenability Concept. Page 601, this volume. 
*Union Carbide and Carbon --Research 

Laboratories, Inc., Niagara Falls, N. Y. 


microstructure on the mechanical properties, 
however, have shown that roo per cent mar- 
tensite is essential to development of the 
maximum combinations of strength with 
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ductility and toughness. It is furthermore 
indicated by the data shown in Fig. 2 that 
very great so per cent martensite harden- 
ability is required in order to harden moder- 
ately small sections to fully martensitic 
structures. This implies that heat-treating 
steels for engineering purposes must be 
hardened to almost maximum hardness at 
the center to obtain 100 per cent martensite, 
and therefore maximum properties, at the 
surface. 

Observations of end-quenched Jominy speci- 
mens that were examined at the Union Carbide 
and Carbon Research Laboratories are shown 
in Fig. 21 to be very similar to the data 
presented in Fig. 2. These results were obtained 
from commercial American NE types of steel 
and from a fairly complete series of British 
Standard Engineering Steels made in Great 
Britain. These points extend over a somewhat 
greater range of hardenability and the spread 
of the points is greater than is shown in Fig. 2. 
The average is about the same and supports 
the relation shown in the paper. Deviation 
from the average did not appear to be related 
to alloy composition. The first appearance of 
nonmartensitic constituents is noticed in the 
segregated bands, and it is presumed that 
deoxidation and solidification factors have a 
strong influence on the relation between 50 
and 100 per cent martensite. 

All the steels represented in Fig. 21 were 
either coarse grained or appeared to have 
been treated with aluminum. It is considered 
very probable that the type of deoxidizing 
agent has a considerable effect and, although 
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treatment with boron may be considered not 
a normal deoxidation treatment, it has a 
strong effect on the relation between 50 per 
cent martensite and 100 per cent martensite 
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hardenability. This is illustrated in Fig. 22 
which is based on commercial steels of various 
alloy compositions that were treated with 
several different simple and complex boron 
addition agents. 

For a given depth of 50 per cent martensite, 
the depth of 100 per cent martensite is in- 
creased by about 50 per cent. The apparent 
spread of points is also reduced. In view of 
these results, it is apparent that the boron 
treatment has the specific property of increas- 
ing the depth of 100 per cent martensite in 
addition to its capacity to increase the depth of 
50 per cent martensite hardening. The boron 
treatment, therefore, should be of specific 
value in steels that require 100 per cent 
martensite after quenching in order to develop 
maximum combinations of strength, ductility, 
and toughness. It should be noted that even 
in sections as small as one inch a fairly sub- 
stantial alloy content is required to give 
enough hardenability, so that it is possible to 
derive full benefit from the boron treatment. 


H. W. Gr1ett.*—The most futile dis- 
cussion is that which only says that an author 
did a fine job. In spite of this, I can’t keep 
from saying just that. Many papers have been 
written and many mathematical calculations 
made using the assumption that a 50 per cent 
hardened steel is hardened, in spite of Bain’s 
comment in “Effects of Alloying Elements in 
Steel” that a much higher martensite content 
in the quenched steel would have been a more 


* Chief Technical Adviser, Battelle Me- 
morial Institute, Columbus, Ohio. 


practical basis, and in spite of our general 
appreciation, when we stop to think, that it 
makes a pile of difference whether the other 
50 per cent is ferrite, bainite, or some con- 
glomeration. The “ideal diameter,’ too, 
though a logical base line, is not a very practical 
measuring stick. 

The poor engineer, reading the earlier 
articles, is subconsciously’ led to the idea 
that so per cent martensite is enough, and 
that sections the size of the calculated ideal 
diameter actually will harden. If he happens to 
deal with heavy armor, where the properties 
of the middle of the plate are as important 
as at the face, he soon wakes up to the fact 
that slack quenching is different from full 
quenching. 

This paper, showing that a steel rated by 
paper after paper as having a so per cent 
hardenable ideal diameter of 4 in., in an 
actual quench has one of some 244+ in., 
and then that that 244+ in. of 50 per cent 
martensite corresponds to some 144+ in. of 
all martensite, brings the real facts of life to 
light and should wake up a lot of people to 
thinking in terms of 114 + instead of 4. 

The evidence that calculated hardenability 
is a weak reed is very valuable. Fig. 8, with 
its scatter, and Fig. 9, with its relationships, 
ought to be duplicated in quantity and pasted 
into the library copies of a myriad of earlier 
articles. Anything that leads the heat-treater 
to make an actual Jominy test instead of 
relying on pencil and paper methods, alleged 
to be accurate to some +15 per cent, on the 
50 per cent martensite, ideal-diameter criteria, 
but misleading in respect to cold facts by 
some 265 per cent, or more, deserves high 
commendation. 

It is true that not all uses demand thorough 
hardening, but if we are to talk about hardena- 
bility, let’s talk in terms of honest-to-God 
hardenability and let the engineer be the 
one to decide whether his use can stand a 
slack-quenched core, not allow him to think 
that we metallurgists are indifferent to slack 
quenching, hence he can be indifferent, too. 


P. R. Casstpy.*—There is a considerable 
interest in hardenability from a viewpoint 
entirely different from the one from which 
you are approaching it; that is, the interest of 


* Babcock and Wilcox Co., Barberton, Ohio. 
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those concerned in the subject of weldability. 
The viewpoints are almost diammetrically 
opposite. 

In weldability, we are interested in reducing 
the hardenability as far as possible to prevent 
quench-cracking or martensite cracking in 
the heat-affected zone of the weld. Our interest 
in that is inapplicable sometimes to the 
methods that are developed purely from the 
standpoint of desirable hardenability. For 
example, if you plot a cooling curve for a given 
Jominy position on a log time against tempera- 
ture, and start at the zero point at the upper 
critical, you get a curve that comes asymtotic 
to the water temperature. 


are less than those for the maximum hardness 
of martensite as determined by Burns, Moore 
and Archer.’ This variation of the hardness of 
martensite might be explained by the variation 
in quenching speed. 

The values for the hardness of martensite 
in steels with 0.23, 0.30 and 0.40 per cent carbon 
as reported by different investigators (1, 2, 3, 
4, 5) are given in Table 5. All of this work was 
carried out under carefully controlled con- 
ditions. Digges' determined the hardness 
of high-purity iron-carbon alloys varying 
only in carbon content by quenching in gas 
specimens 0.04 in. thick, at rates just suffi- 
ciently fast to produce all martensite. Since 


TABLE 5.—Comparison of Martensitic Hardness of Steels of Three Different Carbon Contents 






































| } | 
| Rockwell C 
| 
Place of . |— 
Refer- T : Quenching . 
ype Size of Hardness Quenching 
mgs Composition Specimen Measure- ——- Medium Carbon, Per Cent 
ea tie ment l 
| | 0.23 | 0.30 | 0.40 
i ' 
ae ees ae gn oe | | 
I Iron-carbon al- | 0.04” thick | Surface | r800°F. | Gas 42 46 53 
loys | ' 
2 | Low-alloy steels | 1° K 149”" & 5” | Surface Near melting; Water at 44-5 | 49 54.5 
| 4300 series bar | temp. — oF. | 
3 | Plain carbon and) }4” round Midway be- | Near melting| Iced water | 45 | 50 | 56.5 
low-alloy steels tween cen-| temp. | | 
| ter and sur- | 
face | 
4 Plain carbon 1” round Surface | 1425 to 5% NaOH} 48 | 53-5 | 59 
steels | 1650°F. at 65 to| | | 
°o | 
75 =. | | 
5 | Plain carbon 4" thick or 14” | Surface Varying Iced NaOH |-51 | 56 60.5 
and alloy steels | round and others 








* Data from: (1) T. G. Digges,* (2) R. O. Kern,* (3) K. L. Clark and N. Kowall,? (4) C. A. Rowe and R. A. 


Ragatz,® (5) Burns, Moore and Archer.® 


In welding, we deal with pre-heat if the 


steel is at all hardenable; therefore, if we 


have a pre-heat from 300° to 5oo°F., the 
cooling curve in the heat-affected zone tends 
to become asymtotic to the pre-heat. The 
higher the pre-heat, the less applicable is 
the Jominy test to the conditions that actually 
will exist in the heat-affected zone of the 
weld. 


G. Dre Vries.*—The hardness shown on the 
curve in Fig. 20 for 99.9 per cent martensite 
of varying carbon contents is less than the 
hardness !4,¢ in. from the water-cooled end 
of the Jominy bars of the authors’ steels, and 
the latter values for a given carbon content 


* National Bureau of Standards, Washing- 
ton, D. C. 


these were high-purity alloys, relatively high 
cooling rates were required to produce fully 
martensitic structures. It is believed that 
the hardness values reported by Digges for 
alloys ranging up to about o.60 per cent carbon 
are the minimum for untempered martensite. 
Kern® quenched a 1 by 11% by 5-in. bar in 
water at 50°F. and measured the hardness at 
the surface. Clark and Kowall’ quenched a 


’ T. G. Digges: Influence of Austenitic Grain 
Size on the Critical Cooling Rate of High- 
purity Iron-carbon Alloys. Trans. Amer. Soc. 
for Metals, 29 311 (1941). 

‘RR. O. Kern: Rapid Carbon Determination 
at the Furnace of Remelted Alloy Steels. 
Amer. Foundryman (Sept. 1942) 4 (9), 8. 

7K. L. Clark and N. Kowall: Hardness 
Measurements as a Rapid Means for Deter- 
mining Carbon Content of Carbon and Low- 
alloy Steels. Trams. A.I.M.E. (1944) 158, 
328. 
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l4-in. round in ice water and measured the 
hardness at the center. Rowe and Ragatz* 
quenched a 1-in. round in 5 per cent sodium 
hydroxide at 70°F. and measured the hardness 
at the surface. Burns, Moore, and Archer?® 
determined the hardness of small samples 
14 in. round, quenched in iced sodium hydrox- 
ide. A comparison of the hardness values 
obtained by the different investigators in- 
dicates that the hardness of martensite of 
hypoeutectoid steels increases with increase 
in rate of cooling from the quenching tem- 
perature or severity of quench. 


TABLE 6.—Effect of Variation in Cooling 
Medium on the Rockwell C Hardness of 
3 Steels 





Rockwell C Hardness as Quenched 





Per Quenching Medium 





5 Per Cent 


Oil Water | Iced Sodium Hydroxide 





0.18 37-5 43.1 44.8 
0.30 47-5 50.5 53-5 
0.44 54-5 57.0 60.5 














The results obtained by the writer on 
quenching specimens prepared from steels 
with 1.6 per cent manganese, a hardenability 
intensifier containing boron and 0.18, 0.30 
and 0.44 per cent carbon, respectively, are 
summarized in Table 6. The specimens were 
quenched from 1600°F. in oil, water or iced 
5 per cent sodium hydroxide. The specimens 
quenched in oil and water were 1.0 by 0.4 by 
0.4 in., while the specimens quenched in iced 
sodium hydroxide were 0.2 by 0.2 by 0.4 in. 
The quenched specimens were cut in half 
without tempering and Rockwell C measure- 
ments were made on the cut surface. The 
average of the two highest values of six or 
more Rockwell impressions is given in Table 6 
because nearly all errors in Rockwell measure- 
ments are likely to cause low readings. The 
specimens with 0.18 and 0.30 per cent carbon 





8C. A. Rowe and R. A. Ragatz: Hardness 
Gradients in Tempered Steel Cylinders. Trans. 
Amer. Soc. for Metals (1939) 27, 730. 

® Burns, Moore, and Archer: Quantitative 
Hardenability. Trans. Amer. Soc. for Metals 
(1938) 26, 1. 


quenched in oil, water and iced sodium 
hydroxide were polished, etched in 4 per cent 
picral and given a microscopic examination. 
The specimens quenched in iced 5 per cent 
sodium hydroxide etched the lightest and the 
oil-quenched specimens etched the darkest. 
The 0.30 per cent carbon steel etched darker 
than the 0.18 per cent carbon steel. All of the 
specimens had a martensitic structure, the 
oil-quenched specimens having the coarsest 
structure. These results also indicate that 
increasing the cooling rate increases the 
martensitic hardness of hypoeutectoid steels. 
This might mean that martensite does not 
form instantly on cooling but takes a little 
time to form, or the strains set up by the 
fast quenching increase the hardness. If 
martensite does not form instantly on cooling, 
a faster quench will cause more martensite 
to form at a lower temperature. 


J. M. Hopce (author’s reply).—The data 
in this discussion on the hardness of mar- 
tensite as a function of cooling rate and 
carbon content is extremely interesting, and 
decidedly pertinent to the choice of a hardness 
value to be used as a criterion of hardenability 
in terms of full martensite in a steel of a given 
carbon content. The variations in hardness 
with cooling rate as shown in this discussion 
means, of course, that the choice of a hardness 
value for full martensite will be a function 
of the hardenability itself, and would be 
lower for steels of high hardenability. Thus, 
if in a high-alloy steel the point of first trans- 
formation to upper transformation products 
was found to be 1% in. from the end of an 
end-quench test, the hardness of the martensite 
at this relatively slow cooling rate would be 
expected to be lower than in a steel of the 
same carbon content for which the first trans- 
formation occurred at 14 in. from the quenched 
end with a correspondingly more rapid cooling 
rate. This is undoubtedly true, and furnishes 
another illustration of the dangers involved in 
the use of hardness rather than microstructural 


Criteria of hardenability. Over a rather limited 


hardenability range, such as. was covered by 
the steels in this paper, however, it is felt 
(and is so indicated by the data) that hardness 
values may furnish a reasonably accurate 
indication of the location of the full martensite 
or 95 per cent martensite values. 














Determination of Most Efficient Alloy Combinations for 
Hardenability 


By H. E. Hostetrer,* MemBer A.I.M.E. 
(New York Meeting, October 1945) 


GROSSMANN’S method! for calculating the 
hardenability of steel from the composition 
and grain size has gained wide acceptance, 
and when properly used, has been well 
proved in practical application, both for 
estimating the hardenability of known 
compositions and for selecting compositions 
to meet known hardenability requirements. 

The Grossmann method uses as the 
criterion of hardenability the “ideal 
critical diameter,’”’ D;, which is the size 
round that will just harden to a structure 
of so per cent martensite at the center 
when given the theoretically fastest quench, 
or “ideal quench.” The D, can be related 
to actual quenching practice if the severity 
of quench is known; or the D,; can be 
correlated with hardenability as determined 
by the Jominy end-quench method.? 

The effect on hardenability of each 
elenfient present in a steel can be repre- 
sented by a multiplying factor, the value 
of which depends on the amount of the 
element present and the degree of effective- 
ness of the particular element. (The value 
of the factor for a given carbon content 
varies with the grain size.) When the factors 
for all elements present in a steel have been 
determined from charts, they are multi- 
plied, and the resultant product is the 
D; of the steel. The validity of Gross- 
mann’s scheme of multiplying factors 
has been confirmed in a number of other 
investigations.*~® 

It can be appreciated that a certain 


Manuscript received at the office of the 
Institute Jan. 22, 1945. Issued as T.P. 1905 in 
METALS TECHNOLOGY, September 1945. 

* Climax Molybdenum Company of Mich- 
igan, Detroit, Michigan. 

1 References are at the end of the paper. 


desired level of hardenability can be 
obtained by adding chromium, molyb- 
denum, nickel and vanadium to a base 
composition containing carbon, manganese, 
silicon and the usual impurities. Many of 
the ranges of hardenability used com- 
mercially can be obtained by any of the 
foregoing alloying elements used singly 
in the base composition. The same harden- 
ability levels also can be obtained through 
use of any of a great number of multiple 
element combinations of these alloying 
elements. In this report a method will 
be presented for determining what one 
combination is the most efficient (based 
on hardenability and cost of added alloy) 
for a given level of hardenability. 

It should not be assumed from the 
emphasis given to hardenability, that 
hardenability is the only criterion for the 
selection of an alloy composition. Such 
properties as the hot-working charac- 
teristics, machinability, carburizing charac- 
teristics, amount of distortion during 
quenching and the retention of austenite 
may be considerations of importance in 
many applications. However, hardenability 
is one of the most important properties of 
an alloy steel and one that must be con- 
sidered in almost all cases involving heat- 
treatment by quenching. Therefore, a 
method for determining the lowest-cost 
alloy combination should be of con- 
siderable value. 


DETERMINATION OF Most EFFICIENT 
COMBINATIONS 


For comparing the alloying elements 
on standards of cost and hardenability, it 
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is first necessary to select increments of 
alloy content of equal cost. The increments 
of alloy content listed in Table 1, for 
which average recoveries of added alloy 


1.12 


Cr 


1M 


1.10 ncrements 


= 0.02% 
1.09 pee Ore 






1.08 


ro) 
~~! 


> 
ro) 


1.05 


[Increment factor 


1.0 


Cr 0 020 040 060 080 1.00 1.20 

Mo 0 0.04 0.08 0.12 O16 020 024 

Ni 0 012 0.24 0.36 048 060 0.17 
Ailoying element, per cent 


Fic. 1.—CALCULATED INCREMENT FACTORS. 


are considered, are convenient for later 
calculations. Thus, with these prices and 


TABLE 1.—Increments of Alloy Content 





oy a 
Recov- - | ments 0; 
Alloying | Price | ery, | CoStper| Alloy 


Content 
Element per Lb. P nacl covered | of Equal 


Cost, 
Per Cent 





Chromium....| $0.13 80 $0.162 | o.11 
Molybdenum..} 0.80 90 0.889 | 0.02 
Nickel........ : 0.316 0.056 

















recoveries, 0.11 per cent chromium in the 
steel costs the same as 0.02 per cent molyb- 
denum or 0.056 per cent nickel. The figures 
on alloy recoveries are for illustrative 
purposes for the method to be described, 
but they are fairly representative of basic 
open-hearth practice for production of 
0.30 to 0.50 per cent carbon-alloy steels. 
When more applicable recovery figures 
are known, they should be used, but they 
will in no way change the fundamentals 
of the method. 

In determining the most efficient alloy 
combinations, use is made of what are 
termed “increment factors.” Considering 
the case of chromium, the multiplying 
factor for o.11 per cent chromium is 1.26 
and for o.22 per cent chromium is 1.52. 
The increment factor for the increase from 
0.11 to 0.22 per cent chromium is X in 
the following computations: 


(X)(1.26) = 1.52 
X = 1.21 


Thus, the increment factor, 1.21 in this 
example, is the factor by which the D, 
of a composition containing 0.11 per cent 
chromium is increased by an additional 
0.11 per cent of chromium. It will be noted 
that the D; of a composition free of 
chromium is increased by a factor of 1.26 
by the addition of the first 0.11 per cent 
of chromium, while the D,; of a composition 
with 0.11 per cent chromium is increased 
by a factor of only 1.21 by the addition 
of another 0.11 per cent chromium. The 
increment factors are a. quantitative means 
of expressing the general qualitative 
principle that, in terms of multiplying 
factors, each added increment of alloy- 
ing element gives decreasing returns in 
hardenability. 

The calculated increment factors for 
chromium, molybdenum and nickel are 
given in Table 2 and plotted in Fig. 1. 
The multiplying factors used for chromium 
are taken from the lower curve shown by 
Grossmann! for chromium contents greater 
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than 0.35 per cent. The reasons for using 
the lower curve will be discussed later. 
The molybdenum multiplying factors em- 
ployed are those reported by Grossmann,! 
which have been checked at slightly higher 
and lower values in the work of the Naval 
Research Laboratory® and of Crafts and 
Lamont.* For nickel, the multiplying 
factors used are in substantial agreement 
with those reported by Edson’ and Crafts 
and Lamont.®* It should be emphasized 
that a point on an increment-factor curve 
in Fig. 1 gives the increment factor (not 
the multiplying factor) for only the last 
added increment of alloy content. 


increments of molybdenum. With a higher 
molybdenum, lower chromium composition 
the last increments of molybdenum would 
be less effective than the increments of 
chromium. 

In Table 3 are given the most efficient 
combinations of chromium, molybdenum 
and nickel for various levels of hardena- 
bility. These are simply values of chro- 
mium, molybdenum and nickel found at 
intersections made by horizontal lines 
with the increment-factor curves of Fig. r. 
After the alloy contents at the inter- 
sections have been determined, the multi- 
plying factors are obtained from the 


TABLE 2.—Calculated Increment Factors 
































Chromium Molybdenum Nickel 
Cr, Multiply- | Increment Mo, Multiply- | eemeneseats Ni, | Multiply- | Increment 
Per Cent | ing Factor| Factor Per Cent |ing Factor| Factor Per Cent |ing Factor| Factor 
0.00 1.00 | 0.00 1.00 0.00 1.00 
0.1! | 1.26 1.26 0.02 1.062 1.062 0.056 1.04 1.040 
0.22 1.52 z.22 0.04 1.125 1.059 0.112 1.08 1.038 
0.33 §.78 1.17 0.06 1.187 1.056 0.168 1.12 1.037 
0.44 1.96 1.101 0.08 1.25 1.053 0.224 1.16 1.036 
0.55 2.06 1.051 0.10 1.312 1.050 0.28 1.20 1.034 
0.66 2.155 1.046 0.12 | 1.375 1.048 0.336 1.24 1.033 
0.77 2.245 1.042 0.14 1.437 1.046 0.392 1.28 1.032 
0.88 2.33 1.038 0.16 1.50 1.044 0.448 1.32 1.031 
0.99 2.41 1.034 | 0.18 1.562 1.042 0.504 1.36 1.030 
1.10 2.485 1.031 0.20 1.625 1.040 0.56 1.40 1.029 
1.21 2.555 1.028 0.22 | 1.687 1.038 0.616 1.44 1.029 
1.32 2.62 1.025 0.24 98 1.037 0.672 1.48 1.028 
| i 











It can be realized from the foregoing 
that the most efficient combination of 
alloying elements for a given hardenability 
level is found at the intersections with 
curves of Fig. 1 made by some particular 
horizontal line. For example, the values 
0.57 per cent chromium, o.10 per cent 
molybdenum are found at intersections 
made by a horizontal line with the chro- 
mium curve and the molybdenum curve. 
The last added increment of chromium is 
equally effective as to hardenability, and 
equal in cost, to the last added increment 
of molybdenum. If the same hardenability 
were obtained with a higher chromium, 
lower molybdenum composition, the last 
increments of chromium would be less 
effective as to hardenability than the 


appropriate charts and the combined multi- 
plying factor of the combination is calcu- 
lated and entered as column 7 in Table 3. 


Most EFFICIENT COMBINATIONS 


Those familiar with the multiplying- 
factor system for calculation of hard- 
enability will find it a simple matter to 
use the data derived by the method that 
has been described. The following examples 
will serve to illustrate. 


Example I 


Assume that a composition having an 
average D; of 4.80 is desired. Based on 
various considerations, the average alloy- 
free composition selected might be No. 7 
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grain size, 0.40 per cent carbon, 0.85 
per cent manganese, 0.25 per cent silicon. 
The D; of the alloy-free composition is 
then calculated: 








Multiplying 
Factor 
Grain size........... 7 
er sr 0.213 
Manganese......... .| 0.85 4.50 
Ee 0.25 1.17 
SS 05s ha ws 1.12 











The combined multiplying factor for 
chromium, molybdenum and nickel to 
provide the desired D;, 4.80, is the term 
(Cr X Mo X Ni), where Cr is the multi- 
plying factor for chromium, Mo for molyb- 
denum, and Ni for nickel. 


(Cr X Mo X Ni)(1.12) = 4.80 
(Cr X Mo X Ni) = 4.28 


TABLE 3.—Most Efficient Alloy Combina- 











tions 
Element, Per Cent Multiplying 
Factor Cr Factor X 
Mo Factor X 
Ni Factor 
Cr Mo | Ni Cr | Mo| Ni 
0.10 |0.00|0.00| 1.24} 1.00] 1.00 1.24 
0.20 |0.00/0.00/1.47| 1.00] 1.00 1.47 
0.30 |0.00|0.00/ 1.71 | 1.00] 1.00 1.71 
0.40 |0.00/0.00/ I.92| 1.00} 1.00 1.92 
0.51 | 0.02/0.00| 2.03| 1.06] 1.00 3.15 
0.53 | 0.06] 0.00} 2.04| 1.19] 1.00 2.43 
0.57 | 0.10] 0.00| 2.08| 1.31} 1.00 2.72 
0.66 | 0.14/0.00| 2.16] 1.44] 1.00 4.42 
0.77 | 0.18| 0.00] 2.25| 1.56/ 1.00 3.8% 
0.82 | 0.20} 0.06/| 2.29| 1.63/ 1.04 3.88 
0.88 | 0.22/ 0.13 | 2.33| 1.69] 1.09 4.30 
0.91 | 0.24] 0.17/ 2.36) 1.75|1.12 4.62 























Table 3 shows that 0.88 per cent chromium, 
0.22 per cent molybdenum, o.13 per cent 
nickel is the most efficient alloy combina- 
tion with a combined multiplying factor 
of 4.30. This is sufficiently close to the 
desired combined factor of 4.28. 

If known quantities of residual alloying 
elements other than chromium, molyb- 
denum and nickel are present in the steel, 
their multiplying factors can be determined 


from charts and multiplied with the carbon, 
manganese and silicon factors of the 
base composition, thus reducing the 
hardenability required of the chromium- 
molybdenum-nickel combination. 


Example II 


The average chromium content of the 
former S.A.E. 5140 is 0.95 per cent. 
Assuming an average residual of 0.05 per 
cent molybdenum, the combined multiply- 
ing factor for chromium and molybdenum 
is as follows: 








Element, Multiplying 
Per Cent Factor | Cr Factor X 
ee a ee eS ee Mo Factor 
Cr | Mo Cr | Mo 
a — ——7 - | —EEEE - - ———EE 
| | | 
0.95 | 0.05 | 2:38 | 1.15 | 2.74 


| 





From Table 3, the data indicate that 
0.57 per cent chromium, o.10o per cent 
molybdenum is the most efficient combina- 
tion with a combined multiplying factor 
of 2.72; this is sufficiently close to the 
desired 2.74. In this instance the other 
residual alloying elements in 5140 need 
not be considered because they should be 
present in approximately the same amounts 
and contribute equally to the hardenability 
of the 0.57 per cent chromium, o.10 per 
cent molybdenum composition. 

The determination of a most efficient 
alloy combination can be performed graph- 
ically by adding to Fig. 1 another curve 
representing the combined multiplying 
factors for chromium, molybdenum and 
nickel in the most efficient combinations. 
The added curve for the combined multi- 
plying factors is shown in Fig. 2. The 
following will serve to illustrate the 
graphical solution to the hardenability 
problem previously presented as Example I: 

On the upper scale find the value 4.28, 
the combined multiplying factor required 
of the alloy combination. From this point 
draw a vertical line to the Cr X Mo X Ni 
multiplying-factor curve, intersecting at 
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point A. From point A draw a horizontal 
line to intersections with the Mo curve 


647 


reported in only two researches,':* and 
the two sets of factors are in considerable 


variance. Calculation of the increment 
factors from the multiplying factors 


at point B, 0.22 per cent Mo; with the Cr 
curve at point C, 0.88 per cent Cr; with 


CrxMox Ni multiplying factor 
2.00 240 


112 2.80 3.20 360 400 440 480 





1 


1.10 ~ | |Tncrements 


t— Cr=O0//% 
|_| | | Mo=0.02% 
| | | Ne =0056% | 
- Pb | 
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i i 
| | | | 
| 


—d ——+ — 


a a cod 


Increment factor 


oS 
r= 


1.03 


1.02 
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1.00 = 
Cr0Q 020 0.40 
Mo(Q 0.04 0.08 
NiO 012 0.24 






0.60 080 1.00 
0.12 0.16 020 Q24 
0.36 048 0.60 0.72 


| 


CrxMoxNé multiplying factor} 


120 


Alloying element, per cent 


Fic. 2.—CALCULATED COMBINED MULTIPLYING FACTORS. 


the Ni curve at point D, 0.13 per cent Ni. 
These values of alloy content give the 
desired combined multiplying factor. 


OTHER ELEMENTS 


The increment factors for vanadium are 
not presented in the report because of a 
number of considerations that prevent 
even ‘the preliminary approach that has 
been made with chromium, molybdenum 
and nickel. In the first place, the multiply- 
ing factors for vanadium have been 


reported by Crafts and Lamont® results 
in no change in the most efficient alloy 
combinations given in Table 3. Using 
Grossmann’s data! on vanadium multi- 
plying factors, it is indicated that vanadium 
could be considered in the range 0.00 to 
0.03 per cent for the hardenability levels 
given in Table 3. However, because of 
the difficulty of commercial control in 
this range and the variation in multiplying 
factors reported by Crafts and Lamont® 
in the same range, it is felt advisable to 
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obtain further data before submitting 
increment factors for vanadium. 

It is appreciated that carbon, manganese 
and silicon, while not usually classed as 
alloying elements, do contribute to hard- 
enability and are relatively inexpensive. 
It is common knowledge that the high- 
manganese steels in the medium and 
high-carbon ranges are compositions of 
high hardenability for the cost of added 
alloy. However, practical experience has 
shown that the amounts of carbon, 
manganese and silicon should be limited 
in steels for most hardenability applica- 
tions by other considerations involved 
in making, fabricating and heat-treating 
the steel. Among these considerations are 
control of the composition, cleanliness of 
the steel, segregation during solidification, 
hot-working characteristics, banding, ma- 
chinability, cracking tendencies during 
quenching, amount of retained austenite, 
and temper brittleness. For these reasons 
this report has been limited to determining 
the role of the conventional alloying 
elements. 


MULTIPLYING FACTORS FOR CHROMIUM 


The multiplying factors used in Table 2 
for calculation of the increment factors for 
chromium are taken from the lower curve 
shown by Grossmann! for the higher 
chromium contents. It is believed that these 
values for chromium represent the effect 
of chromium in normal heat-treating 
practice more closely than do the higher 
values. The chromium multiplying factors 
determined by the Naval Research Labora- 
tory® and Crafts and Lamont® are for steels 
given a prior normalizing treatment. 
Since results of these researches are in 
fair agreement with Grossmann’s straight- 
line portion of the chromium curve, it is 
presumed that Grossmann also used a prior 
normalizing treatment for most of his 
work. 

It is known that normalized steels 
containing appreciable quantities of chro- 


mium, molybdenum and vanadium usually 
have higher hardenability than annealed 
steels.*:® Most alloy steel is given an 
annealing treatment to make it suitable 
for machining operations, and is then 
heated for hardening without an inter- 
vening heat-treatment. For this reason 
it would be of considerable value to have 
the multiplying factors for chromium, 
molybdenum and vanadium applicable 
to steels given an annealing treatment 
before hardening. 

A method is available for approximating 
the effective multiplying factors for chro- 
mium from data on the composition, 
grain size and Jominy end-quench test. 
From the Jominy hardenability curve the 
actual D; of the steel can be determined 
for the particular prior structure and 
austenitizing treatment involved.? The 
multiplying factors for all elements present 
in the steel, with the exception of chro- 
mium, are found on the charts and then 
multiplied. The resultant product is the 
D,; of the chromium-free composition; 
this divided into the actual D; obtained 
from the Jominy curve gives an approxi- 
mation of the effective multiplying factor 
for chromium. The following example 
for S.A.E. 4140 is taken from hardenability 
data previously reported.'® 


Prior structure—annealed 
Treatment of Jominy specimen, 60 min. in 
1550 F. furnace 





} 








Multi- 
| plying 
| Factor 

ae 6% (a o°F.)| 
Carbon..... ides 0.40% 0.223 
Manganese......... 0.68 3.80 
0 er 0.20 1.13 
Chromium......... .| 1.00 
ee “ORS: 0.21 1.66 
Nickel. . ee 0.22 1.16 
Di (Cr-free). ih oe .| 1.85 
Actual Dy (from Jom-| | 

iny curve).. 3.60 
Cr multiplying factor | 1.95 
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In this instance the effective multiplying 
factor for chromium, 1.95, is considerably 
less than even the lowest values previously 
reported for 1.00 per cent chromium. It is 
agreed that this calculation assigns the 
full multiplying factor to molybdenum, 
and that the low multiplying factor 
calculated for chromium represents the 
summation of various causes tending to 
reduce hardenability. On the other hand, 
this calculation also assigns to chromium 
any hardenability effect produced by 
elements not reported in the foregoing 
analysis. Similar calculations carried out 
for carbon-chromium and chromium-nickel 
steels (containing only residual molyb- 
denum) have shown effective multiplying 
factors for chromium quite comparable 
with those obtained for the chromium- 
molybdenum steels. 

Because of lack of complete information 
on a sufficient number of compositions, 
it has been impossible to assign values for 
the effective multiplying factors for chro- 
mium in steels annealed prior to hardening. 
As previously indicated, it would be of 
considerable practical value to determine 
for prior-annealed structures, the multi- 
plying factors for chromium, molybdenum 
and vanadium. Recent work of Bowman 
and Parke!! on carbon-molybdenum steels 
has shown that the molybdenum content 
of the carbide in a given composition of 
steel varies with the heat-treatment. 
Presumably a similar situation should 
hold for steels containing chromium and 
vanadium. The alloy content of the carbide 
should influence hardenability because 
the alloy carbides are slow to dissolve 
in austenite and because the alloying 
elements diffuse slowly in the austenite 
after being taken into solution. Since the 
alloy content of the carbide varies with 
the treatment prior to heating for hard- 
ening, the importance of determining 
multiplying factors for annealed prior 
structures is apparent. Obviously, the 
more directly applicable the multiplying 
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factors are, the more precise will be the 
determinations made from the derived 
increment factors. 


APPENDIX.—Recovery of Alloy from Scrap 


In the method that has been presented 
in the body of this report for determination 
of the most efficient alloy combinations, 
consideration has been given only to 
costs of new alloy additions. In the produc- 
tion of most alloy steel it is standard 
practice to employ alloy-containing scrap 
as a portion of the furnace charge. This 
alloy-containing scrap may be produced 
within the steel plant or it may be obtained 
from outside sources. Although it is some- 
what of a problem to segregate alloy- 
containing scrap, it is true nevertheless 
that the alloy recovered upon remelting 
such scrap makes possible a commensurate 
reduction in the addition of new alloy. 
This holds true if the alloy-containing 
scrap is used in the making of any alloy- 
steel heat of a composition containing 
the same alloying elements present in the 
scrap. It is not necessary, of course, that 
the percentages of alloying elements in the 
scrap and in the desired composition of 
the heat melted be the same. 

If desired, it is possible to calculate 
increments of alloy content of equal cost 
taking into consideration the percentage 
of return scrap, the recovery of alloy 
on remelting of return scrap and the 
recovery of the new alloy addition. A 
complete case for alloy costs, as determined 
by the composition being melted, is made 
possible by such calculations without 
the necessity of considering the alloy 
recovery from other scrap: 

Let A = percentage of alloying element 
recovered from new added alloy, 

Let B = percentage of alloying element 
in final composition, 

Let C = percentage of alloying element 
recovered from return scrap of 
same type composition, 
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Let D = percentage of alloying element 
recovered from other scrap 


Then A=B-C-D 


Obviously, the cost of making an addition 
from which the alloying element will 


Crx Mox Ni multiplying factor 


oO 
~ 


2.00 
40 


1.12 


1.20 


24 0.08 0.40 


Nio 3 2& > : > 
Alloying element, per cent 


0.12 0.04 0.20 
0.36 0.12 0.60 
0.48 0.16 0.80 
0.60 0.20 1.00 
0.12 0.24 


0 


Fic. 3.—MULTIPLYING FACTORS FOR EFFICIENT COMBINATIONS. 


be recovered in an amount equal to term A 
represents the a'loy cost of that alloying 
element for the heat. Likewise, in com- 
paring the alloy costs of two different 
types of compositions, as determined by 
the compositions being melted, it is neces- 
sary to consider only terms A, B and C. 
If the return scrap produced from the 
composition under consideration is used 
in the making of any heat in which the 
specific alloying element is desired, term C 
can be regarded as a credit to the alloy 
cost of the original type composition. 

The cost of an increment of alloy content 
can now be calculated with due considera- 


0 
0 
0 
0 
0 
80 
00 
20 
40 


3 a 8 ae 
Increments | 


increments "| 

1% Cr increments \\' 
Cr increments 

1.02 7 pk 7 i 





tion for alloy-containing return scrap. 
The following case covers the cost of an 
increment of 0.02 per cent molybdenum 
under the conditions given below. 

Mo in the steel, 0.02 per cent 


Return scrap remelted in alloy steel heats, 25 
per cent 





----Cr =009% ee Be 

Cr=0.//% | i 
——Cr=0/3% | 
Mo =0.02% | 
Nt = 0.056% 





tity 


++CrxMoxNé multiplying factor 
ix; 09% Cr increments 
4 tCrxMoxNet multiplying factor 
ti Qil% Cr increments 
|_'CrxMoxNe mu/tplying factor 
|_| O/3%Cr increments |_| 





Recovery of Mo on remelting of scrap, 90 per 
cent 

Cost per pound of new Mo, $0.80 

Recovery of new Mo addition, 90 per cent 


Alloy cost (per 100 lb. of steel) 
_ [(0.02) — (0.02)(0.25) (0.90) [0.80] 


(0.90) 
Alloy cost = $0.01378 





Calculation of the increment of chromium 
content of equal cost with the same per- 
centage of return scrap under the following 
conditions is shown below. 

Alloy cost, $0.01378 
Equal cost Cr increment, Cr 


Return scrap remelted in alloy steel heats, 25 
per cent 
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Recovery of Cr on remelting of scrap, 30 
per cent 
Cost per pound of new Cr, $0.13 
Recovery of new Cr addition, 80 per cent 
[(Cr) — (Cr)(0.25)(0.30)}[o.13] 
(0.80) ; 
Cr = 0.092 per cent 


0.01378 = 





Similarly, the increment of nickel con- 
tent of equal cost, with 25 per cent return 
scrap, 95 per cent recovery on remelting, 
95 per cent recovery of a new addition 
and $0.30 per pound of nickel, is 0.057 
per cent nickel. 

Using 0.02 per cent Mo as the base 
increment from which the equal-cost 
increments for the other alloying elements 
are calculated, it will be found that in 
most cases covering commercial practice 
the nickel increment is quite close to the 
value 0.056 per cent nickel used in the 
body of this report. 

The recovery of chromium from an 
addition of ferrochromium and the recovery 
of chromium on remelting of scrap vary 
to a greater extent than the recoveries 
of molybdenum and nickel. Accordingly, 
increment factors for 0.09 per cent and 
0.13 per cent chromium increments have 
been calculated and plotted to supplement 
the data on o.11 per cent chromium 
increments. These data are presented in 
Table 4 and Figure 3. It will be found 
that the range 0.09 to 0.13 per cent 
chromium increments will cover most of 
the cases of percentages of return scrap, 
recovery of chromium from scrap and 
recovery of new chromium additions with 
chromium at $0.13 per pound, that are 
encountered in commercial production of 
rolled alloy steels. 

The most efficient combinations of 
chromium, molybdenum and nickel for 
increments of 0.02 per cent molybdenum 
and 0.056 per cent nickel equal in cost to 
increments of o.o9 and 0.13 per cent 
chromium are given in Table 5. The 
multiplying-factor curves applicable to 
chromium increments of 0.09 per cent, 
0.11 per cent and 0.13 per cent chromium 


in most efficient combinations with incre- 
ments of 0.02 per cent molybdenum 


TABLE 4.—Increment Factors for 0.09 and 
0.13 Per Cent Chromium Increments 








Cr, Multi- | Incre- | Cr, | Multi- | Incre- 
Per plying ment Per lying | ment 
Cent actor | Factor} Cent Factor Factor 
0.00 1.00 0.00 1.00 

0.09 5.32 1.21 0.13 1.31 1.31 
0.18 1.42 1.173 | 0.26 1.62 1.24 
0.27 1.63 1.148 | 0.39 1.91 1.179 
0.36 1.84 1.129 | 0.52 2.04 1.068 
0.45 1.97 1.071 | 0.65 2.16 1.059 
0.54 2.059 | 1.045 | 0.78 2.27 1.051 
0.63 2.143 | 1.041 | 0.91 2.37 1.044 
0.72 2.222 | 1.037 | 1.04 2.46 1.038 
0.81 2.296 | 1.033 | 1.17 2.54 1.033 
0.90 2.3605 | 1.030 | 1.30 2.61 1.028 
0.99 2.429 | 1.027 

1.08 2.488 | 1.024 

2.27 2.542 | 1.022 




















TABLE 5.—Most Efficient Alloy Combina- 





























tions 
Element, Multiplying 
Per Cent Factor Cr Factor X 
Mo Factor X 
Ni Factor 
Cr Mo | Ni Cr | Mo] Ni 
Increments: Cr 0.09 Per Cent; Mo 0.02; Ni 0.056 
0.10 | 0.00] 0.00] 1.24] 1.00} 1.00 1.24 
0.20 | 0.00|0.00/ 1.47] 1.00| 1.00 1.47 
0.30 |0.00/0.00/ 1.71 | 1.00/ 1.00 "x 
0.40 | 0.00] 0.00/ 1.92] 1.00} 1.00 1.92 
0.46 | 0.02/ 0.00] 1.98] 1.06] 1.00 2.10 ' 
0.47 | 0.06! 0.00/ 1.98| 1.19] 1.00 2.36 
0.50 | 0.10| 0.00} 2.02] 1.31] 1.00 2.65 
0.53 | 0.14/0.00| 2.04] 1.44] 1.00 2.94 
0.61 |0.18/| 0.00] 2.12/|1.56/ 1.00 3.31 
0.65 | 0.20/ 0.06] 2.15 | 1.63/ 1.04 3.64 
0.70 | 0.22' 0.13/ 2.19| 1.69)| 1.09 4.03 
0.72 | 0-24) 0.17 8.95 1:35.75 12.58 4.33 
Increments: Cr 0.13 Per Cent; Mo 0.02; Ni 0.056 
0.10 | 0.00|0.00] 1.24] 1.00/| 1.00 1.24 
0.20 | 0.00} 0.00/ 1.47| 1.00/ 1.00 1.47 
0.30 |0.00/0.00| 1.71 | 1.00/ 1.00 Fe 
0.40 | 0.00] 0.00] 1.92/ 1.00] 1.00 1.92 
0.50 | 0.00] 0.00] 2.02] 1.00} 1.00 2.02 
0.61 | 0.02|0.00/| 2.12/ 1.06| 1.00 2.95 
0.70 |0.06|0.00/| 2.19/ 1.19| 1.00 2.61 
0.80 | 0.10| 0.00/ 2.27/| 1.31| 1.00 2.97 
0.87 | 0.14] 0.00/ 2.33] 1.44] 1.00 3.36 
0.95 | 0.18/| 0.00/ 2.38] 1.56] 1.00 3.71 
0.99 | 0.20| 0.06) 2.41] 1.63/ 1.04 4.08 
1.04 | 0.22/0.13/ 2.45|1.69/ 1.09 4.51 
1.07 | 0.24 0.17) 2.47 1.75|1.12 4.85 




















and 0.056 per cent nickel are plotted in 
Fig. 3. In using the multiplying-factor 
curves in the manner described on page 4, 
it must be remembered that the inter- 
sections drawn from a multiplying-factor 
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curve of Fig. 3 must be made with the 
chromium-increment-factor curve of the 
same chromium increment for which the 
multiplying factor curve is applicable. 

For a specific set of conditions covering 
percentage of return scrap, recoveries of 
alloy on remelting of scrap and recoveries 
of new added alloy, it is first necessary 
to calculate the cost of an increment of 
0.02 per cent molybdenum in the manner 
that has been shown on page 650. Incre- 
ments of chromium and nickel of equal 
cost are then determined, and the curves 
for increment factor and multiplying 
factor of Fig. 3 that are most applicable 
are used. As previously inferred, the curve 
for 0.056 per cent nickel increments will 
be found satisfactory for most cases cover- 
ing commercial practice. Interpolations 
of sufficient accuracy can be made between 
the curves for the various increments of 
chromium. 
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DISCUSSION 


(I. R. Kramer presiding) 


W. Crarts.*—Mr. Hostetter has offered 
a very attractive method for determining the 
most economical combination of alloys on the 
basis of the Grossmann principle. It does, 
however, appear to be prone to some diffi- 
culties in application because errors in the 
multiplying factors are magnified in the 
derived increment factors. For example, 
according to the selection made by Mr. 
Hostetter, it becomes economical to use molyb- 
denum in a chromium steel when the chromium 
is greater than o.5 per cent, whereas with our 
published factors molybdenum does not 
become economical until the chromium exceeds 
1.5 per cent. In this case differences of the 
order of 10 to 25 per cent in the multiplying 
factors result in a threefold difference in the 
economical maximum for chromium in plain 
chromium steel. Calculations of relative cost 
of alloys in common heat-treating steels by 
this method apparently will require much more 
accurate factors than are now available. 

The basis for selection of the chromium 
factor seems questionable. In our work on 
normalized plain chromium steels and plain 
molybdenum steels we have not found sig- 
nificantly less hardenability than that cal- 
culated using multiplying factors that do 
not allow for fading. However, in nominally 
simple chromium steels and molybdenum 
steels that contain significant residuals of 
molybdenum or chromium, respectively, we 
have found fading, and consider that these 
steels represent borderline examples of the 
less than calculated hardenability typical of 
chromium-molybdenum steels. Hollomon and 
Jaffe have laid the blame on molybdenum; in 
this paper chromium is the culprit, and 
Steven demonstrated that the combination of 
chromium and molybdenum is responsible. 
We should like to add our observation that 
carbon, silicon, nickel and possibly manganese 
also have some influence on less than cal- 


° Research Metallurgist, Union Carbide and 
Carbon Research Laboratories, Inc., Niagara 
Falls, N. Y. 
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culated hardenability. Steels that do not 
contain chromium are also sensitive to prior 
condition. It is evident therefore that the 
deficiencies in the hardening of alloy steels 
that have been charged to the chromium 
factor could, with equal unfairness, be applied 
to the molybdenum factor. The fictitious 
loading of one multiplying factor with a cor- 
rection for all the unknowns is doubtless 
helpful in making the calculated ideal diameter 
approach the actual value, but seems illogical. 
It is even more unreasonable to use such a load- 
ed factor to determine the relative cost of alloys. 
In spite of the apparent difficulties of 
determining the cost of alloys in terms of 
hardenability, there is a real need for such a 
formula. At the risk of increasing the con- 
fusion, it is proposed that the addition method 
for predicting Jominy hardness be considered 
for evaluating the relative cost of alloys. It 
has been found that the effects of alloys on 
Rockwell C hardness are additive and inde- 
pendent of the balance of the composition. 
As the alloy addition units are linear with 
respect to the amount of alloy, the relative 
effects on hardness are the same in all com- 
binations and amounts of alloys commonly 
used. In the addition method the alloys 
show the following relative costs of the Rock- 
well C addition unit when figured on the same 
recoveries as those used by Mr. Hostetter: 





Percentage Cost per Ton 


Alloying Element per Re. Unit per R. Unit 





Chromium.......... 0.067 $o. 22 
Molybdenum........ 0.027 0.47 
as Sia cic 4's aioe 0.182 res 


] 





{t must be emphasized that these figures are 
based on costs and recoveries that may vary, 
but within reasonable expectation the relative 
position of the alloys will not be changed. 
In the range of martensitic hardness the cost 
of all will be somewhat lower than indicated 
but the same relative ratios will be maintained. 
This method of calculation appears to be 
free from the difficulties connected with 
chromium-molybdenum steels in using the 
multiplying method and the simple addition 
does not multiply errors. It is considered 
therefore to be a more reliable method of 
evaluating the relative cost of alloys for heat- 
treating steels. 


H. E. Hostetrer (author’s reply).—It is 
interesting to have Mr. Crafts’ method of 
comparing alloy costs on the basis of the 
addition system of Crafts and Lamont. 

The purpose of the present paper was 
primarily to offer a method of calculation 
rather than to propose precise factors or 
arrive at final conclusions. 

It is evident that the selection of harden- 
ability factors for the various alloying elements 
on the basis of either the multiplication or 
the addition method must involve considera- 
tions of prior structure and of the criterion of 
hardenability most applicable to the case in 
hand. 

The selected hardenability factors for 
chromium were taken from the lower of 
Grossmann’s curves, recognizing that in many 
cases the hardenability effect of chromium 
is greater. 

It should be pointed out that the assumed 
recovery of chromium added to the bath 
probably is unusually high except for high- 
carbon steels. 

It might also be mentioned that Mr. Crafts’ 
calculations are based on the assumption 
that all of the alloying element in the steel 
is obtained from an addition. When scrap 
is considered in basic open-hearth practice, 
alloy costs for elements like nickel and molyb- 
denum, which have high recoveries on remelt- 
ing of scrap, are reduced to a greater extent 
than for elements like chromium, which have 
lower recoveries. 

In low-carbon steels such as the carburizing 
grades, it is also to be considered that the 
recoveries of oxidizable elements such as 
manganese and chromium are relatively low, 
and that special low-carbon grades of higher 
cost might have to be used. 

It is agreed that calculations of relative 
cost of alloys in common constructional steels 
will require more accurate hardenability 
factors than are now available. These-factors 
will have to be considered with specific refer- 
ence to the prior structure of the steel, and 
perhaps certain variables in steelmaking 
practice. 

It is also recognized that the cost of alloy 
additions is only one of many factors that 
affect the final cost of finished alloy-steel 
products. 
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An Appraisal of the Factor Method for Calculating 
the Hardenability of Steel from Composition* 


By G. R. Bropuyf ANp A. J. MILLert 


(New York Meeting, October 1945) 


THE Grossmann principle! for the cal- 
culation of hardenability of steel from 
composition is attractive because of its 
simplicity. It postulates that the harden- 
ability of a steel for any particular grain 
size may be expressed in terms of an ideal 
critical diameter, which is the product of 
an ideal critical diameter for a “pure” 
iron-carbon base multiplied by a succession 
of factors for each element of composition 
contained, including the incidentals. It 
infers that the multiplying factor for a 
given quantity of an element is constant 
for all combinations of composition. Gross- 
mann has stated that in the great majority 
of cases the experimental values of harden- 
ability are found to be well within 10 per 
cent of the calculated values. 

The validity of the scheme has been 
confirmed in principle by Crafts and 
Lamont? and by Kramer et al.‘ Their 
results differ from the original in the mag- 
nitude of the effect of some elements but, 
since they accepted the product concept 
and followed its direction, it is to be ex- 
pected that similar results would be 
obtained. Crafts and Lamont, in their 
second paper, recognized that the factor 
relations for manganese and nickel were 
not continuously linear, but beyond cer- 
tain critical amounts increase sharply. 


* Manuscript "received at the office of the 
Institute Jan. 24, 1945; revised July 6, 1945. 
Issued as T.P. 1933 in METALS TECHNOLOGY, 
October 1045. 

+ Metallurgist, The International Nickel Co. 
Inc. Research Laboratory, Bayonne, N. J 

1 References are at the end of the paper. 


Austin, Van Note and Prater’ demon- 
strated nonlinear relations between hard- 
enability and alloy contents. Their curves 
for chromium, silicon, manganese and 
nickel were all convex upward to show 
decreasing incremental effects. They con- 
cluded that Grossmann’s factors under- 
evaluate the hardening effect of low 
percentage additions of these elements, and 
overevaluate the larger additions. 


TABLE 1.—Calculated Ideal Critical Diam- 
eter of N.E. 8739 Steel 





Per Multi- | Calcu- | Ob- 
Element Cent plying | lated | serve 
Le Factor | Dz, In. | Dy, In. 








Carbon, grain size 


Rrra .| 0.40 0.213 
Manganese.......] 0.83 3.75 0.8 

EE te 1.25 1.0 

Se 0.48 1.18 1.18 
Chromium..... .| 0.48 2.13 2.52 
Molybdenum..... 0.25 1.78 4.47 
Phosphorus...... 0.015 | 1.04 4.65 
SS eer ee 0.016 | 0.99 4.60 

ae 0.002 | 1.42 6.53 3.23 

















More recently W. Steven® has found that 
the factor method fails when applied to 
complex steels containing two or three 
principal alloying elements other than 
carbon. Multiplying factors derived from 
his results bear a complex relation to com- 
position and are not constant for a given 
amount of an element as the base com- 
position varies. 

C. A. Liedholm’ found that, using either 
the Grossmann or the Crafts-Lamont 
multiplying factor values, not only were 
the relative hardenabilities of two heats 
of S.A.E. 6130 chromium-vanadium steel 
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incorrectly predicted but that each was 
underestimated. 

Finally, in the authors’ experience, the 
application of the principle badly over- 
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The situation suggests either that the 
concept of predicting hardenability from 
steel composition is incorrect in its en- 
tirety, or that the quantity multiplying 
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Fic. 1.—TypImcAL JomINy HARDENABILITY CURVES OF SHALLOW, INTERMEDIATE AND DEEP-HARDEN- 
ING STEELS. 


estimated the hardenability of an N.E. 
8739 steel of No. 7 as-quenched grain size. 
The measured Jominy distance for this 
steel was 0.58 in., which converts, accord- 
ing to the basic relations, to an ideal 
critical diameter of 3.23 in. The calculated 
ideal critical diameter, on the other hand, 
was 6.8 in. when the original published 


factors were used. The calculation is given 
in Table r. 


factors for the several elements as deter- 
mined to date are not constant with 
changes in base composition and are not 
simply related to the element content as 
originally proposed. These facts led to a 
critical examination of the application of 
the principle to steels containing nickel, 
manganese, chromium and molybdenum, 
both singly and in dual combinations of 
nickel with the other three elements. The 
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result of this study leads to the conclusion 
that a further elaboration of the principle 
will be necessary before it can be safely 


added the required alloys and finally 0.05 
per cent aluminum, for deoxidation. The 
melts were cast into 4-in. square ingots and 


TABLE 2.—Compositions of Steels Tested 

























































































_— A.O Analyses, Per Cent 
oat gecatege cme : 
a | C | Mn! Si | Ni Mo P| s | ca Va | B | Co| Al 
NICKEL-CARBON SERIES 
01682 1550 8 0.15/0.5110.20/4.96 Seas pene None 
15607-1 1575 8 0.38|0.80/0.17/0.05 |0.016/0.003/0.011/0.015/0.072/0.003| None |o 006/0.024 
-2 1550 7 0.36)/0.74/0. 16/0.98 0.009/0.002/0.011/0.013/0.071/0.003 None /0.012/0.013 
-3 1525 5 0.36)0.69/0.12/2.90 |0.009/0.002/0.010/0.015/0.071/0.003) None |0.027/0.005 
15608-1 1575 7 0.36/0.73/0.16'0.49 |o. 0.002/0.007/0.017/0.062\/0.004) None |0.007/0.022 
“2 1525 7 0.35|0.67/0.13/1.99 |0.008/0.002|0.007/0.016/0.059'0.005| None |0.017/0.007 
-3 1475 8 0.35/0.59|0.09|5.06 |0.011|0.002/0.007/0.014/0.062/0.003| None |0.044/0.004 
15609-1 1550 8 0.50/0.71/0.15/0.04 |0.009/0.002/0.010/0.019/0.067/0.007| None 0.006/0.017 
-2 1525 7 0.51/0.68/0.13/1.02 |0.010/0.003/0.010/0.017\0.063/0.007| None 0.013/0.010 
-3 1475 7 0.53/0.63/0.10/3.08 0.007/0.002/0.007 0.017/0.060'0.007} None |0.029,0.003 
I5610-1 1550 6.5 |0.51/0.69\/0.13\0.52 0:009|0.002/0.011 0.017/0.065'0.007; None |0.010/0.022 
-2 1500 7.0 |0.49/0.66/0.12/2.03 |0.009/0.002/0.014/0.017\/0.065,0.007| None |o.019/0.012 
-3 1450 6.5 |0.47|0.56/0.07/5.04 vette Kates Ka 0.015 aaa Soba i 0.042/0.005 
NICKEL-MANGANESE SERIES 
16163 1575 6.5 |0.47/0.27/0.16 0.008|0.021| 
15809 1550 7.5 |0.46|1.03/0.15/0.027/0. 
15834 1525 7.5 |0.48|1.4110.14 0.017 
15780 1525 7.0 |0.48/0.33/0.19|0.97 0.016 
15781 1525 7.5 |0.45|/1.12/0.17|0.95 0.008 
15782 1500 8.2 |0.48|1.5010.15/0.98 0.016 
15783 1500 7.5 |0.48|0.32/0.20/2.86 0.006 
15784 1475 8.6 |0.47|1.04/0.16|2.81 0.02 
15785 1450 8.3 |0.48,1.45/0.15|2.90 0,014 
NICKEL-CHROMIUM SERIES 
15835 1575 7.3 |0.48\0.70\0.14 oO. 
16165 1550 7 0.48/0.73/0.1110.50 |o. | 
15836 1575 7.5 |0.48|0.67\0.15 z. 
15786 1550 7.0 |0.48/0.76/0.18.0.97 |o. 
16164 1525 8 0.48/0.51/0.12'2.76 |o. } 
15787 1550 7.8 |0.48\0.70!0.16|0.97 |1.04 
15837 1550 8.2 |0.48/0.67/0.14|1.46 |1. 
15789 1525 6.8 |0.46]0.72'0.14|2.89 |o. | | 
NICKEL-MOLYBDENUM SERIES 
15838 1550 7.3. |0.480.70/0.12 0.071 
15839 1575 7.3 |0.500.74/0.14 0.25 
15840 1575 7.0 |0.460.64/0.11 0.40 
16166 1550 8.0 /|0.48/0.60)0.08/0.45 |0.008/0.40 
15792 1525 8.0 |0.47/0.73/0.15|0.97 0.08 | 
15793 1550 9 0.46|0.76/0.18)0.95 0.37 
15794 I550 9.8 |0.47/0.74/0.14/0.96 0.38 
15841 1550 7.5 |0.47|0.54/0.07|1.68 0.41 
15795 1500 8.3. |0.47/0.70/0.14/2.88 0.08 
15796 1525 - 8.3 |0.48/0.70|0.12/2.89 0.23 






































applied to steels of ordinary commercial 
complexity. 


MATERIALS AND PROCEDURE 


The steels studied were the products of 
laboratory high-frequency furnaces, made 
from an Armco iron base to which were 


then forged to 1}4-in. bars. These were 
double normalized, first from 1800°F. and 
then from 1600°F. Compositions and heat- 
treated grain sizes are given in Table 2. 
Standard and quenched hardenability 
bars were hardened in a General Motors 
quenching rig after having been heated 
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one hour at the temperatures shown in 
Table 2. The hardness distribution was 
determined over their lengths at two flats 
180° apart and the readings were averaged. 
Typical hardenability curves are shown 
in Fig. r. 

Based upon the observation® that the 
rate of change of hardness is greatest at 
the so per cent martensite point, and the 
recommendation by Grossmann that this 
point may be judged readily from the point 


per cent unless one of these elements was 
the variant being studied. The adjustment 
for each element in turn was accomplished 
by multiplying the observed critical diam- 
eter by the ratio: 


_ Factor for base quantity of Element 
Factor for contained quantity of Element 





The factors used were Grossmann’s, which 
serve as a first approximation for correction 
within a limited range. 


TABLE 3.—Distance Determined by Three Methods 





Jominy Distances 


Element in Steel, 


| 
Ideal Critical Diameters, In. 











| 
| 
| x 
Per Cent 
| Metallo- | so Per Cent 
| graphic Martensite 
| Average Hardness | 
| of Three for Carbon 
Cc | Ni | Estimates Steel, In 
| 
0.38 | 0.05 | 0.138 0.13 
0.36 | 0.49 0.15 0.155 
0.36 0.98 | 0.16 0.16 
0.35 1.99 | 0.188 0.195 
0.36 2.90 0.40 0.43 
0.35 | 5.06 | 0.69 0.72 














Point of 
we Metallo- 50 Per Cent : 
aysten, graphic Sachenaibe Inflection 

0.13 1.42 1.4 1.4 
0.14 1.5 1.52 1.43 
0.16 1.53 1.53 1.53 
0.18 1.65 1.68 1.62 
0.38 2.53 2.65 2.48 
0.70 3.55 3.66 3.60 





of inflection in the hardness-distribution 
curve, the Jominy distance was taken as 
the distance from the quenched end to the 
point of inflection. This procedure is more 
convenient than the metallographic deter- 
mination and should be more accurate for 
alloy steels than the practice of taking the 
distance to the hardness corresponding to 
50 per cent martensite in carbon steel. A 
comparison of the distance determined by 
the three methods on the 0.35 to 0.38 per 
cent carbon nickel steel series is shown in 
Table 3, along with the converted ideal 
critical diameters. 

Conversion to ideal critical diameters 
was accomplished by the use of the Gross- 
mann relation. Because variations occurred 
in the base composition sufficient to cause 
a considerable scatter within each series, 
the ideal critical diameters thus determined 
were corrected to a common grain size of 
No. 7 and a base composition of carbon 
0.48 per cent, manganese o.70, silicon 0.16, 
aluminum 0.016 and nickel of o, 1, or 3 


As an example, steel 15608-3 of Table 2 
has a No. 8 grain size and contains 0.35 
per cent carbon, 0.59 manganese, 0.09 
silicon, 5.06 nickel, o.o11 chromium, and 
has an observed critical diameter of 3.6 
in. From Grossmann’s chart No. 18, the 
grain size is adjusted from No. 8 to No. 7 
by multiplying 





3.6 X 6.183 ™ 3° 


For carbon multiply by 1, since 0.35 per 
cent carbon was desired. For adjusting 
manganese from o.59 to 0.70 per cent, 
multiply 

3.32 


94 X SS = 4. 
3.94 X O07 = 44 


For silicon from 0.09 to 0.16 per cent, 
multiply 


ia : 
4.44 X 07" 4.65, etc. 


In this case, no adjustment is made for 
nickel, since it is the variant element. 


apes ss 


‘= 


aoe 


weretarninecrriealians ahtidi liane Laiweats 


: 
i 
$t} 
7 


iia 
i 
B 


be wernt 
POSTE ay 


tee a ye 
Se ay? re 


























658 FACTOR METHOD FOR CALCULATING HARDENABILITY OF STEEL 


Corrections were made for the incidental 
elements contained in the nickel-carbon 
series of Table 2 but were of such small 
magnitude that they were omitted in the 
other series. 
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Fic. 2.—INFLUENCE OF NICKEL AND CARBON 
ON HARDENABILITY OF 0.70 PER CENT MAN- 
GANESE STEEL. 


The corrected ideal critical diameters 
thus derived were then plotted against the 
content of the variant element, and, finally, 
the multiplying factors calculated by 
dividing the critical diameters by the 


intercept on the critical diameter axis at 
zero per cent of the element. 

Grain sizes usually were determined on 
small specimens, which accompanied the 
hardenability bars. A few of these were 
checked against the grain sizes exhibited 
in the transition zone at the hardenability 
bars. 


RESULTS 


Nickel and Carbon Effects 


The hardenability data for the nickel- 
carbon series of steels of 0.70 per cent 
manganese and 0.16 per cent silicon are 
arranged in Table 4 in groups according to 
carbon content and in each group accord- 
ing to increasing nickel. They are shown 
graphical'y in Fig. 2. A separate harden- 
ability curve is constructed for each group, 
since it is quite evident that carbon has an 
appreciable influence but one that decreases 
as the carbon increases—a trend that is in 
accord with that shown by Grossmann for 
carbon. The data on calculated multiplying 
factor can be represented accurately only 
by two separate curves, although for 
practical purposes a single curve for these 
and higher carbon contents might be used. 


Manganese Effect—Variable Nickel 


The hardenability data for the man- 
ganese-nickel series are shown in Table 4 
and graphically in Fig. 3A. As nickel is 
increased, the specific manganese effect is 
progressively increased and well beyond 
the extent indicated by the multiplication 
of the factors for the manganese and the 
nickel addition. The curves for manganese 
contribution are also smoothly concave 
upward, indicating that manganese is self- 
reinforcing, as was nickel, and that this 
self-reinforcement is greatly augmented 
by the presence of nickel. 

The multiplying factors for manganese 
can be represented only by a family of 
curves that are concave upward, one for 
each level of nickel content. 
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Chromium Effect—V ariable Nickel 
Families of rising curves represent the 
data for the contribution of chromium to 
the hardenability of steel, Table 4 and 
Fig. 3B. The absence of any decrease in 


059 


appeared on the hardenability curve at 
this distance, the hardness exceeds the 
probable maximum hardness for a 50 per 
cent martensite of a 0.46 per cent carbon 
steel. As a matter of fact, the hardness over 
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Fic. 3.— INFLUENCE OF SECOND ELEMENT ADDITIONS ON HARDENABILITY OF NICKEL STEEL 


hardenability at the higher chromium 
levels may be the result of double nor- 
malizing previous to hardening. 

Steel 15780 of this series requires special 
comment. In Table 4 the Jominy distance 
is given as 1.73 in. and the hardness at this 
point is Re 52. While a point of inflection 


the full length of the bar exceeded Re 50, 
so it is believed that the true half-hardness 
point was not attained. Therefore the in- 
dicated hardenability and factor for this 
steel containing 2.9 per cent nickel and 
0.5 per cent chromium is probably much 
too low. 
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TABLE 4.—Hardenability Data 









































Maxi- Hawt Jomi 
mum ness 0 ominy P Cc " M Iti- ; 
Stee Hard- | Inflec- Dis- | Derived _ Inter- mee” |} Vari- , 
No. |nessRe.} tion tance, | Dr, In. ag 9 cept plying ant Corrected to 
Quench-| Point, In. hares actor 
ed End Re 
NICKEL-CARBON SERIES 
Ni 
01682 44 30 0.40 2.54 3.29 4.96 | 0.15 C, 0.70 Mn, 0.16 Si 
15607-I1| 52.5 37 0.13 1.39 1.27 | 1.27 | 1.0+ | 0.05 | 0.35 C, 0.70 Mn, 0.16 Si 
15608-1| 52 41 0.14 1.43 1.35 1.06 0.49 | 0.35 C, 0.70 Mn, 0.16 Si 
15607-2| 51 37 0.16 1.53 1.48 1.16+ | 0.98 | 0.35 C, 0.70 Mn, 0.16 Si 
15608-2| 54 43 0.18 1.62 1.81 1.42 1.99 | 0.35 C, 0.70 Mn, 0.16 Si 
15607-3| 55 42 0.38 2.48 2.22 r.7§ 2.9 |0.35 C, 0.70 Mn, 0.16 Si 
15608-3| 54 39 0.70 3.60 4.60 3.66 5.06 | 0.35 C, 0.70 Mn, 0.16 Si 
15609-I|} 59 4! 0.12 t.325 1.44 1.36 | 1.06 0.04 | 0.50 C 
15610-1 60 41 0.16 1.52 1.44 1.06 0.52 |0.50C 
15609-2| 60 42 0.16 1.52 2.57 1.15 1.02 |0.50 C 
I5610-2| 60.5 45 0.21 1.75 1.90 1.40 | 2.03 |0.50C 
15609-3| 60.5 45 0.34 2.30 2.58 1.95 | 3.08 |} 0.50 C 
I5610-3| 61 47 0.90 4.21 5.36 3.94 | 5.04 |0.50C 
NICKEL-MANGANESE SERIES 
Mn 
16163 62 42 O.1I1 1.25 1.21 I.II | 1.09 0.27 |o Ni 
15609-1 59 41 0.12 £.35S 1.43 1.29 0.70 | o Ni, 0.16 Si 
15809 57 41 0.16 4.43 1.63 1.47 1.03 | 0 Ni, 0.16 Si 
15834 60 46 0.23 1.84 1.91 1.72 1.41 | 0 Ni, 0.16 Si 
15780 58.5 45 0.13 1.40 1.39 1.18 | 1.18 0.33 | 1 Ni, 0.16 Si 
15609-2/| 60 42 0.16 1.53 2.53 1.30 0.68 | 1 Ni, 0.16 Si 
15781 60 46 0.29 2.10 2.28 1.93 1.12 | r Ni, 0.16 Si 
15782 61.5 45 0.42 2.60 2.90 2.46 cs 1 Ni, 0.16 Si 
15783 60 45 0.22 1.80 1.88 1.46 | 1.29 0.32 | 3 Ni, 0.16 Si 
15609-3| 60.5 45 0.34 2.30 2.36 1.61 0.63 | 3 N1, 0.16 Si 
15784 59 46 0.61 3.30 3.96 2.72 1.04 | 3 Ni, 0.16 Si 
15785 58.5 47 1.67 5.92 6.82 4.67 1.45 | 3 Ni, 0.16 Si 
NICKEL-CHROMIUM SERIES 
Cr 
15609-1| 59 41 0.12 1.35 1.42 1.41 | 1.01 ° 0 Ni, 0.70 Mn, 0.16 Si 
15835 58 45 0.28 2.07 2.173 1.51 0.5 |o Ni, 0.70 Mn, 0.16 Si 
15836 57 44 0.53 3.00 3.24 2.30 1.01 |o Ni, 0.70 Mn, 0.16 Si 
16165 63 43 0.57 3.18 3.66 1.00 | 0.50 Ni 
15609-2| 60 42 0.16 1.53 1.56 1.55 | 1.01 - | 0.01 | 1.0 Ni, 0.70 Mn, 0.16 Si 
15786 60 45 0.40 2.53 2.38 1.54 0.52 |}1.0 Ni, 0.70 Mn, 0.16 Si 
15787 61 46 1.30 5.23 5.67 3.66 1.04 |1.0 Ni, 0.70 Mn, 0.16 Si 
15837 60.0 46 1.58 5.77 6.67 1.0 | 1.46 Ni, 0.70 Mn, 0.16 Si 
15609-3| 60.5 45 0.34 2.30 2.54 2.53 | 1.00 0.007} 3.0 Ni, 0.70 Mn, 0.16 Si 
16164 62 43 0.60 3.27 3.73 1.47 0.23 | 3.00 Ni 
15789 60 522 1.73% 6.024 6.162 2.442 0.52 | 3.00 Ni, 0.70 Mn, 0.16 Si 
NICKEL-MOLYBDENUM SERIES 
Mo 
15609-1 59 41 0.12 1.35 1.42 1.42 | 1.00 o re) Ni, 0.70 Mn, 0.16 Si 
15838 56 45 0.14 1.43 1.49 1.05 0.07 |0 Ni, 0.70 Mn, 0.16 Si 
15839 57 45 0.20 1.72 1.66 1.17 0.25 |0 Ni, 0.70 Mn, 0.16 Si 
15840 57.5 45 0.30 2.13 2.39 1.68 0.40 |0 Ni, 0.70 Mn, 0.16 Si 
16166 61 43 0.30 a.23 2.75 0.40 | 0.45 Ni 
15609-2| 60 42 0.16 1.53 1.56 o. 351 2,02 o I Ni, 0.70 Mn, 0.16 Si 
15792 60 45 0.23 1.84 1.99 1.28 0.08 | 1 Ni, 0.70 Mn, 0.16 Si 
15793 60 45 0.57 3.15 3.58 S.38 0.37 |1 Ni, 0.70 Mn, 0.16 Si 
15794 60 45 0.57 3.15 3.96 2.56 0.38 | 1 Ni, 0.70 Mn, 0.16 Si 
15841 58.5 42 0.55 3.10 4.15 0.41 | 1.68 Ni, 0.70 Mn, 0.16 Si 
15609-3| 60.5 45 0.34 2.30 2.54 2.5% } 2.02 0.02 | 3.0 Ni, 0.70 Mn, 0.16 Si 
15795 61 44 0.54 3.05 3.54 1.41 0.08 | 3.0 Ni, 0.70 Mn, 0.16 Si 
15796 61 4 1.00 4.50 5.22 2.04 0.23 | 3.0 Ni, 0.70 Mn, 0.16 Si 
































* Hardness exceeds 50 Rc over length of Jominy bar. Therefore Dr and Mr probably are much higher. 
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G. R. BROPHY AND A. J. MILLER 


Molybdenum Effect—Variable Nickel 
The curve representing the contribution 
of molybdenum, Fig. 3C, is, in the absence 
of nickel, concave upward as for the other 
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Nickel Effect—Manganese, Chromium or 
Molybdenum Variable 

By cross-plotting the graphs of Fig. 3 

(or by making suitable composition correc- 
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Fic. 4.—INFLUENCE OF NICKEL AS A SECOND ELEMENT ADDITION ON THE HARDENABILITY OF STEEL. 


elements studied. As nickel increases 
beyond 1 per cent, the curves change to 
convex, passing through a linear relation. 
This suggests that molybdenum carbide, 
perhaps, becomes more insoluble with 
increasing nickel content and that these 
steels require higher hardening tempera- 
tures to obtain the full molybdenum 
effect. 


tion to the data of Table 4) the nickel 
curves shown in Fig. 4 are obtained. These 
demonstrate that the nickel contribution 
to hardenability is quite as variable and 
dependent upon the base composition as is 
the contribution of the other elements. 
Certainly no single line, linear or curved, 
can truly represent its contribution under 
all circumstances. From the point of view 
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of hardenability alone, the self-reinforcing 
effect seems amply to justify the larger 
nickel addition, but its real value even in 
the smaller amounts lies in its combination 
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Fic. 5.—CALCULATED HARDENABILITY CON- 
TRIBUTION OF NICKEL IN NICKEL CHROMIUM 
STEELS AFTER CORRECTION FOR ALL CHROMIUM. 
with a second element, such as chromium or 


molybdenum, as experience has taught. 


DISCUSSION OF RESULTS 


If the factor concept is correct for all 
steels, it should be possible to multiply the 
base hardenability of a steel by the quan- 
tity factor for each alloying element con- 
tained, even in complex steels, and obtain 


TABLE 5.—Failure of Factor Concept 














: Di 
Element in Cror| Ni 
Steel, Base*| Mo | Fac- 
Per Cent Di Fac- | tor> 
tor Calcu- Ob- 
lated | served 
Ni Cr 
3 0.5 | 1.41 | 1.51 | 1.82 | 3.88 | 6.16 min. 
I I 1.4m | 2.36 | 1.14 | 3.79 | §.63 
3 I 1.41 | 2.36 | 1.82 | 6.05 | 7.0 min. 
Mo 
3 ©.2 |} 2.42 | £.16 | 2.02 } 3.34 | §.22 
I 0.4 | 1.41 | 1.62 | 1.14 | 2.60 | 3.96 




















* Base = 0 Ni, 0 Cr, 0.70 Mn, 0.48 C, 0.16 Si; 
No. 7 grain size. 
> Revised factors, 


the hardenability D; of that steel. The 
failure of the application is illustrated by 
data taken from Table 4 and shown in 
Table s. 

In each case where the actions of two 
elements in substantial amounts are com- 
bined, the observed critical diameters are 
greater than those calculated by the multi- 
plication of the determined single element 
quantity factors. A similar situation can be 
shown for the other series and probably is 
further exaggerated when three or more 
principal alloying elements are combined. 

Again, it should be possible to divide the 
observed D; of a complex steel by the 
product of all multiplying factors but one 
and obtain the multiplying factor for the 
remaining element as a single addition. 
This actually was the procedure used in 
previous investigations and is found to 
lead to erroneously high values, as illus- 
trated in the following example: 

From Table 5, the observed D, of the 
base o per cent chromium, o nickel, 0.70 
manganese is 1.41 in. A factor for 0.5 per 
cent chromium had been determined as 
1.51. Therefore if Grossmann’s principle is 
correct the 3 per cent nickel factor should 
be 


cs es or 2.9 

1.41 X 1.51 

Instead, the single element quantity fac- 
tor for 3 per cent nickel was determined 
from the simple steel as 1.82 (Fig.2). 

By the application of determined single 
element factors, as previously illustrated, 
small corrections have been made for 
variation in composition. If the concept is 
correct, this should be a valid procedure, 
and likewise it should be valid for correct- 
ing large variations, even to correcting 
completely for the presence of a substantial 
amount of one element in a complex steel. 
It should be possible, therefore, to correct 
any one of the D; curve families of Figs. 
3 and 4 for the second element and obtain 
a single curve representing the influence 
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of the first element. Obviously, this is 
incorrect, but to follow through take, for 
instance, the nickel-chromium family and 
correct for all chromium present by using 
the revised chromium single element factor. 
The data are shown in Table 6 and in 
Fig. 5. 


TABLE 6.—Correction for Chromium 




















} 
Dr | <a 
Elements Ob- Single rected | a, = 
in Steel, served | Element! to Base | Meal 
Per Cent Dre r Ni+O] JN; 
Factor® Cr | Only 
| | 
Ni | Cr 
0 | 0 1.41 I 1.4! 1.4! 
rs) | 0.5 :. ee 1.51 1.41 1.41 
re) gg? ta?” 2.37 1.41 1.41 
0.5 | 0.97 | 3.66 2.30 1.59 1.48 
I '@.08 1 £.356 1.01 1.54 1.56 
I | 0.52| 2.38 1.54 1.54 1.5 
I 1.04] 5.67 2.43 2.33 1.56 
3 | oO | 2.54 1.0 2.54 2.54 
3 | 0.52 | 6.16¢ 1.54 | 3.99° 2.54 
1.46/ I | 6.67 2.35 | 2.84 1.75 
i 





* Corrected to base 0.70 Mn, 0.16 Si. Data from 
Table 4. 

> From Fig. 3. 

¢ Values low. Hardness exceeds 50 Re over full 
ength of Jominy bar. 

Instead of a single curve to represent the 
effect of nickel on the base composition, as 
demanded by the simple factor concept, 
three curves result. These demonstrate 
and emphasize the dependence of the nickel 
contribution to hardenability when a 
second principal element is present in sub- 
stantial amourits. Corrections for all of the 
manganese or all of the molybdenum pro- 
duce similar families of curves but in each 
case a particular quantity factor for nickel 
is different. Likewise, it can be demon- 
strated that the quantity factors for man- 
ganese, chromium or molybdenum vary 
with the amount of nickel present in the 
steel. 

Thus, the idealized concept of constant 
quantity multiplying factors is found to be 
misleading and incorrect for all but the 
simplest steels. 


SUMMARY 


A test of the factor principle of calculat- 
ing hardenability of steels from their com- 


positions encounters difficulty when ap- 
plied to steels that contain substantial 
amounts of a single element or to complex 
alloy steels. In such steels, it either over- 
estimates or underestimates hardenability. 
The relation of the hardenability contribu- 
tion to composition for manganese, chro- 
mium, molybdenum or nickel is a sharply 
rising curve showing that the power of each 
increases with the content. 

The hardenability contribution of nickel 
in the presence of chromium, manganese, or 
molybdenum, after making due allowance 


for their presence, is much greater than for’ 


nickel as a single element. Likewise, the 
contributions of manganese, chromium or 
molybdenum are similarly increased in the 
presence of nickel. 
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DISCUSSION 


(C. M. Loeb, Jr., presiding) 


W. Crarts.*—In this paper Messrs. Brophy 
and Miller have concluded that the Grossmann 
principle for calculating ideal critical diameter 
is inapplicable to nickel steels containing 
chromium, molybdenum, or high manganese. 
This conclusion appears to have been inferred 
as a result of two errors in interpretation of 
the Jominy test data. One was the use of the 
Grossmann relation between ideal critical 


* Research Metallurgist, Union Carbide and 
Carbon Research Laboratories, Inc., Niagara 
Falis, N Y 





oy 


Be an te LE oe he ae 


parse 4 


ln hairy 














eae ae 








Ca at NT 











664 FACTOR METHOD FOR CALCULATING HARDENABILITY OF STEEL 


diameter and Jominy depth for distances of 
less than }4 in. from the quenched end (see 
Brophy’s discussion of Kramer, Hafner, and 
Toleman. The other error was in the use of the 


6 
x Steels from 
Kramer et al: 


O Brophy-Miller 
-C Steels 


Multiplying Factor 
Ww 


ater RS RS Ae aie 


% Nickel 
Fic. 6. 


inflection point of the Jominy hardness curve 
instead of an actual observation of the 50 per 
cent martensite point. 

It is true that Grossmann suggested that 
the point of inflection or an arbitrary hardness 
be used to estimate the location of 50 per cent 
martensite structures, but in our work at the 
Union Carbide and Carbon Research Labora- 
tories these criteria have been found mis- 
leading in alloy steels. Except for comparison 
between steels of similar composition, such 
as those studied by Steven, it appears to be 
essential to determine 50 per cent martensite 
by direct microscopic observation, as em- 
phasized in our 1944 paper.® The order of 
the difference in the apparent nickel factor 
that may result from use of hardness as 
opposed to the metallographic method as a 
criterion of the 50 per cent martensite point 
is illustrated in Fig. 6. In an effort to reconcile 
the differences between the nickel factors 
derived by Kramer, Hafner, and Toleman!® 
from critical hardness, and by Crafts and 
Lamont from metallographic examination, 
Jominy specimens of nickel steels were ex- 
changed. Each laboratory confirmed its 


® Trans. A.I.M.E. (1944) 158, 150. 
10 Kramer, Hafner and Toleman: Trans. 
A.I.M.E. (1944) 158, 138. 





own nickel factor on the other laboratory’s 
steels; that is, the discrepancies were not 
in the steels but in the interpretation of the 
test data. Our interpretation of the Kramer 
steels is indicated by the crosses in Fig. 6. 
The evidence indicates that both nickel factors 
are correct, but each is correct only for the 
criterion by which it was established. 

In order to visualize the data in a more con- 
ventional form, the ideal critical diameters of 
Brophy and Miller’s nickel-bearing steels 
were calculated using Grossmann’s factors 
for carbon grain size, phosphorus and sulphur; 
Kramer, Hafner, and Toleman’s for copper and 
cobalt, and Crafts’ and Lamont’s for man- 
ganese, silicon, nickel, chromium, molybdenum, 
vanadium and aluminum. Steels with a critical 
Jominy depth of less than '4 in., and the very 
deep-hardening heat 15780, were discarded. 
The ideal critical diameters calculated on the 
basis of 50 per cent martensite and those 
determined from the inflection point by 
Brophy and Miller are compared in Fig. 7. 
The nickel-carbon steels, the 1 per cent 
manganese-nickel steels, and two of the 
chromium-ni¢kel steels form a trend that 
is offset from the line of 100 per cent correla- 
tion, while the balance of the manganese- 
nickel, chromium-nickel, and molybdenum- 
nickel steels show fairly good agreement. 
The calculated ideal critical diameter without 
nickel was then divided into the reported 
ideal critical diameter to obtain the nickel 
factor. The nickel-carbon steels shown in 
Fig. 6 gave a factor comparable with the 
lower group of multiplying factors for nickel. 
The alloy steels, shown in Fig. 8, with the 
exception of the steels noted above, agree 
on the other hand with the upper group of 
nickel-multiplying factors. It is evident that 
the inflection-point criterion of critical diameter 
differs appreciably from the 50 per cent 
martensite criterion in simple nickel steels, 
but that the two criteria are in agreement in 
the binary nickel steels. It is inferred from 
this that the percentage of martensite at the 
point of inflection of the hardness curve 
shifts with the alloy content. For this reason, 
it is believed that the discrepancies found by 
the authors resulted from misinterpretation 
of the hardenability of the steels rather than 
from a major deficiency of the Grossmann 
principle. 
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DISCUSSION 


The accuracy of the multiplying factors 
used in Grossmann’s method could be im- 
proved and the validity of the original formula 
is certainly open to question in the case of 


2 
o 


Mw 


Dy observed by Brophy and Mille 


Calculated Dy 
FIG. 7. 


chromium-molybdenum steels, but this latter 
problem was not investigated by the authors. 
Within the recognized limits of accuracy of the 
multiplying factors, however, it is believed 
that the data in this paper not only do not 
discredit, but, indeed, substantiate the validity 
of the Grossmann principle. In addition, the 
success during the last three years with which 
the hardenability of alloy steels of “ordinary 
commercial complexity” has been predicted 
and controlled by the Grossmann principle 
confirms its validity and utility more strongly 
than any academic discussion of technicalities. 


M. A. GrossMANN.*—I cannot refrain from 
offering a few words of discussion about 
Fig. 3 of the paper by Brophy and Miller. 
In the upper part of that diagram, the mul- 
tiplying factors for three elements are shown 
in the presence of certain amounts of nickel, 
and in the absence of nickel. 

If the lower curve, in the absence of nickel, 
were to turn out to be much higher—for 
example, as high as in the presence of nickel— 
their general thesis regarding the increase of 
the multiplying factor because of the presence 
of nickel would have to be reexamined. 


* Director of Research, Carnegie-Illinois 
Steel Corporation, Chicago, Illinois. 
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In order to test this we took a group of some 
two dozen steels containing carbon, man- 
ganese and molybdenum. That is around 
0.60 per cent carbon, 0.70 manganese, and 
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1 2 


around o.20 molybdenum with only incidental 
amounts of chromium and nickel; namely, 
below about 0.20, meaning that they should 
come in the general classification of zero nickel. 
Using the currently accepted values for 
carbon, manganese and molybdenum, the 
predictions checked very well with the deter- 
minations of hardenability from a Jominy 
test, and using the conversions to D,;. The 
low value for molybdenum, as shown in Fig. 3, 
thus departed markedly from the values found 
in these commercial steels. 


E. H. Buckna.y.*—This paper is on a 
subject in which I am much interested. It is 
felt, however, that it would be easy to ex- 
aggerate the importance of the calculation of 
hardenability, as available data make one 
unprepared to admit that the optimum com- 
bination of mechanical properties to be 
secured from an alloy steel is controlled only 
by its hardenability. Moreover, the assessment 
of the merits of an alloy steel solely on the 
basis of hardenability tends to belittle some 
alloying elements, since attention is drawn 
to the fact that they do not increase the 

* Research and Development Department, 


The Mond Nickel Co., Ltd., Birmingham, 
England. 
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depth of hardening of a steel as markedly as 
do other additions, while sight is lost of the 
usual freedom of steels that owe their harden- 
ability to gently acting elements from sharp 
local differences in the extent of hardening 
as a result of microsegregation. 

Grossmann’s insistence on a linear connection 
between composition and hardenability for a 
single element but a multiplying principle 
for several elements together favors the 
use of small, simultaneous additions of the 
different alloying elements as a means of 
securing hardenability. I wonder to what 
extent the acceptance in America of this 
line of argument (which seems to have played 
an important part in the development of the 
NE triple-alloy steels) may have been altered 
by the later work of Kramer, Hafner and 
Toleman” and of Crafts and Lamont, especially 
the latter, who have shown nonlinear mul- 
tiplying factor versus composition relations 
for manganese, nickel, vanadium, titanium 
and boron, while Kramer and his co-workers 
have shown the relations to be nonlinear also 
for antimony and arsenic additions. My 
view is that, as a result of such work and that 
included in the present paper, it will be difficult 
in future to maintain a hardenability argument 
in favor of triple-alloy steels unless large dis- 
agreements between the values ascribed to 
individual elements by different workers 
cause the recent work to be dismissed and 
Grossmann’s original results still to be ac- 
cepted. One point where this danger seems 
to be serious is in regard to the factors ascribed 
to manganese, where, for a 1 per cent addition, 
Grossmann gave a factor of 4.3, Crafts and 
Lamont of 5.0 and Kramer of 5.2, but Brophy 
and Miller in the present paper give a factor 
of only 1.45 in the absence of nickel. Another 
point arises from the diversity of opinions as 
to the role of molybdenum at the higher levels. 

Recently there has been much interest 
over here in the subject of hardenability, 
and the view is commonly held that a given 
amount of a given element does not make a 
fixed contribution to hardenability inde- 
pendent of other factors in the composition. 
There is little in the present paper that could 
give rise to misinterpretation, but it seems 
possible that more conviction might have been 
secured if a different example had been chosen 
from that given on page 657 to indicate the 


divergence between the observed ideal critical 
diameter and that calculated by Grossmann’s 
method, where most of the recorded divergence 
could possibly be attributed to failure of the 
boron addition to have its expected effect 
at the points where the hardness was measured. 
Billets of boron-treated steels of the NE types 
often show pronounced variation of harden- 
ability across the section, which gives rise 
to etching patterns on transverse sections 
similar to those caused by segregation. The 
contrast in such cases can be heightened by 
partial isothermal transformation in the 
bainite range and can be demonstrated by 
dilatometric measurements to correspond 
with local variations in transformation char- 
acteristics. In such steels the boron effect 
has been found often to be practically confined 
either to the outside material or to that within 
the central “‘segregate,’’ and it is believed, 
therefore, to be to some extent a matter of 
chance whether the hardness flats on Jominy 
test pieces taken without special reference to 
the “hardenability pattern” include material 
enhanced in hardenability by the boron 
addition, although the effect of boron at 
some parts of the section can readily be shown 
by tests along the lines employed by Walker, 
Eckel, Hino and Mueller." 

The inclusion in Brophy and Miller’s paper 
of typical Jominy curves makes it clear that 
in the steels of lower hardenability the inter- 
pretation of the Jominy curves does not depend 
to any appreciable extent on the precise 
criterion of hardness employed, so that no 
significance is attached to the fact that the 
hardness values that I associate with a 50 per 
cent martensite structure are rather higher 
than those referred to in Tables 2 and 3 as 
corresponding to points of inflection of the 
Jominy curves; and, in fact, range from Re 40 
at 0.22 per cent carbon to Re 50 at 0.56 per 
cent carbon in an average low-alloy steel. 
Although the point of inflection, therefore, 
seems quite a suitable index with the steels 
of lower hardenability, it does not seem fair 
to put the same interpretation on the point 
of inflection with the more hardenable steels 
where the softest part of the bar has a hardness 
of 25 to 30 Re. 


11 Walker et al.: Metals and Alloys (1944) 
19, 346. 
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The opinion has been formed that a 50 per 
cent martensite criterion of hardenability is 
satisfactory for steels used at relatively low 
tensile levels, but that this criterion is inade- 
quate for steels used at tensile levels in excess 
of 175,000 lb. per sq. in. In such cases a close 
approach to full hardening is required in steels 
with the carbon contents of around 0.3 per cent 
customary in this country, and any estimate 
of suitability must be based on a criterion 
involving a considerably higher hardness 
level than corresponds to 50 per cent mar- 
tensite. Even with such a criterion there seems 
to be no certainty that the Izod impact value 
will be up to specification requirements, 
so that the Jominy test can then only be 
regarded as a preliminary means of sorting steels. 

In the course of measurements of transforma- 
tion characteristics of alloy steels made in 
this laboratory in 1938-1939, it was found that 
the relationship between maximum trans- 
formation velocity’? and percentage of alloying 
element, for steels made by the same melting 
technique, could be stated to a fair approxima- 
tion by a multiplying rule, so that equal incre- 
ments in alloy content were regarded as 
reducing the maximum transformation velocity 
by a factor that was constant for a given 
alloying element; for example, between o.1 
and 0.6 per cent carbon in a nickel-chromium 
steel, each addition of 0.1 per cent carbon was 
found to reduce the transformation velocity 
to X 0.4 its former value, the corresponding 
factors for o.1 per cent additions of other 
alloying elements being: 

MaxXIMUM 
TRANSFORMATION 


ALLOYING ELEMENT OF WHICH VELOCITY 
0.1 Per Cent Is ADDED REDUCED TO 


Carbon (with molyb- 
denum and nickel)... 0.40 X original value 
Nickel (with chromium) 0.90 
Chromium (with molyb- 
| re 0. 88 
Chromium (with nickel) 0.84 
Manganese....... Eve 
Molybdenum (with 
ee 0.68 


12See Allen, Pfeil and Griffiths: Second 
Report Alloy Steels Research Committee, 1939, 
Iron and Steel Inst.*Special Report No. 24, 
Sec. 13, 369. This term is employed in the 
sense of the velocity constant of the equiva- 
lent first-order reaction, which fits the dilato- 
metric observations of the times for 30 and 
70 per cent completion of transformation. 


0.7 








As the maximum transformation velocity- 
composition relationship is of this type, a 
straight line in each case can be drawn through 
the experimental points for these series, when 
presented as a plot of log (maximum trans- 
formation velocity) versus percentage of 
alloying element, from which the effect of each 
alloying addition can be read directly, and by 
multiplying the individual element factors 
together the total factor can be obtained. 
Since the reciprocal of the maximum trans- 
formation velocity has been found to be ap- 
proximately proportional to the section in 
which a steel can be fully hardened by oil 
quenching, it would be anticipated that a 
similar trend would apply to Brophy and 
Miller’s results if these were converted by 
means of Grossmann’s curve to H = 0.4, 
corresponding to normal oil-quenching con- 
ditions. With this in view, the critical diameters 
for oil quenching derived from the experi- 
mental Jominy results in this way for the 
various series of steels in Brophy and Miller’s 
paper have been plotted on logarithmic paper 
against the percentage of alloying element. 
In practically every series the results fell 
closely on a straight line except that the 
initial addition of an alloying element had 
occasionally a smaller effect than expected. 
The extent of the conformity with expectation 
from the transformation studies was felt 
to be sufficient to indicate that curves of the 
type presented by Brophy and Miller have a 
much greater probability than the linear rela- 
tions put forward by Grossmann, though the 
disagreement over the apparent roles of 
manganese and molybdenum as _ hardening 
additions on the basis of Jominy tests and 
transformation data is disconcerting. 

Consideration has been given to the possi- 
bility of developing an alternative method 
of calculation of hardenability on this basis. 
The slopes of the straight lines on the log plots 
should indicate multiplying factors for each 
1 per cent of the individual alloying elements. 
The values for each element obtained in this 
way varied widely according to the per- 
centage of accompanying elements; e.g., the 
factor for chromium appeared to be raised 
from X 3.4 to X 13.0 by the presence of 
3 per cent nickel and that for molybdenum 
from X 6 to X 20 by 1 per cent nickel. This 
degree of variation in the factors makes it 
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very difficult or impossible to choose appro- 
priate values -for complex steels, and much 
further thought, therefore, seems to be neces- 
sary before any alternative method of cal- 
culation can be put forward. Attempts to 
carry the matter further by attributing a 
fixed effectiveness to a given alloying element 
whenever it is added to a steel possessing 
in its absence a given hardenability have been 
unsuccessful, whether made on the basis of 
the multiplying factors derived as above for 
oil hardening or by direct inference from 
Figs. 1, 2 and 3 of Brophy and Miller’s paper. 


G. R. Bropuy and A. J. MILier (authors’ 
reply) —The differences of opinion brought 
out in the discussion emphasize the need for 
more experimental study and less reliance on 
paper work. We hope that others will be led 
to test our conclusions in carefully planned and 
rigorously executed laboratory investigations. 


first, the uncertainties of the initial branch 
of the Grossmann curve for translating 
Jominy distances to ideal critical diameters 
is recognized and has been discussed elsewhere. 
Since our purpose was not to introduce new 
elements of controversy, it seemed only fair 
to follow the same practice as preceding 
investigators, including Mr. Crafts, in adhering 
to the Grossmann conversion. As a matter 
of fact, this uncertainty at low hardenabilities 
does not affect the conclusion, for the same 
qualitative result comes out if the conversion 
is omitted and Jominy distances are analyzed 
directly, provided that none of the data are 
left out. 

As to his second criticism, he takes the 
position that if Jominy distances had been 
measured to the point of 50 per cent martensite 
by direct microscopic observation of the 
Jominy bar, instead of the inflection point 
on the hardness curve, a totally different 


TABLE 7.—Hardenability Data 














Point of Inflection Method 50 Per Cent Martensite Method 
ain. Ni, 

Stoel Cont * on Jominy}| De- Cor- | Inter- | Multi- | Jominy| De- Cor- Taber Multi- 
Dis- rived | rected | cept lying | Dis- rived | rected t lying 
tance Di Dr Saber tance Dr Dr cop actor 

16163 0.27 ts) 0.11 1.25 1.21 2.3% 1.09 0.11 r.35 1.21 t.*2 1.09 
15609-1 | 0.70 0.12 1.35 1.43 1.29 0.13 1.36 1.44 5.2 
15809 1.03 0.16 1.53 1.63 1.47 0.16 I.5 1.60 1.44 
15834 1.41 0.23 1.84 1.91 3592 0.29 2.08 2.16 1.95 
15780 0.33 I 0.13 1.40 1.39 1.18 1.18 0.15 1.48 1.37 3s 1.19 
15609-2 | 0.68 0.16 1.53 1.53 1.30 0.17 1.55 1.55 1.35 
15781 z.38 0.29 2.10 2.28 1.93 0.30 2.14 2.32 2.02 
15782 z.8 0.42 2.60 2.90 2.46 0.43 2.68 3.00 2.6 
15783 0.32 3 0.22 1.80 1.88 1.46 1.29 0.25 1.88 1.97 1.52 1.3 
15609-3 | 0.63 0.34 2.30 2.36 1.61 0.401} 2.54 2.62 1.72 
15784 1.04 0.61 3.30 3.96 2.72 0.69 3-57 4.28 2.91 
15785 1.45 1.67 5.92 6.86 4.67 x x x x 









































Mr. Crafts’ opening remark misstates our 
principal conclusion; for the sake of emphasis 
and clarity we would like to repeat it: “‘ The fac- 
tor principle . . . encounters difficulty when 
applied to steels that contain substantial 
amounts of a single element or to complex 
alloy steels.’ It was our intent, based on 
facts as we know them, to apply this broadly 
to steels containing relatively large amounts 
of hardening alloy, and particularly to those 
in which more than one major alloying element 
was present. 

Mr. Crafts has raised two important points, 
regarding the conversion curve and the 
measurement of Jominy distance. As to the 


relation would have been revealed, which 
would have destroyed our principal conclusion. 
Perhaps Table 3 in the paper had been over- 
looked. This compared, with only minor 
discrepancies, the measurement of this dis- 
tance for a simple nickel-steel series using 
three different methods, including the 50 per 
cent martensite method. As a further check 
on our conclusions, we have remeasured the 
Jominy distance for the entire set of nickel- 
manganese steels, using the so per cent 
martensite method recommended by Mr. 
Crafts. The data are given in Table 7. Because 
of segregation banding and the low hardness 
gradient, it was practically impossible to 
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measure this distance microscopically in 
No. 15785. For a steel of this type, the point 
of inflection is at least definite. Fig. 9 analyzes 
these data graphically. The dashed curves, 
representing “point of inflection method,” 
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fall as a family of curves. From the lowest 
silicon group a multiplying factor of 2.0 may 
be calculated for 1 per cent manganese. 

With regard to the NE-8739 steel used in 
Table 1 as an example of the divergence of 
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Fic. 9.—HARDENABILITY AND FACTOR CURVES FOR NICKEL-MANGANESE STEELS DEVELOPED BY 
DIFFERENT CRITERIA. 


are reproduced from Fig. 3a of the paper; the 
plotted points and full-line curves represent 
the “so per cent martensite method.” It is 
evident at a glance that no significant difference 
exists and that our original conclusion is 
unimpaired. 

Dr. Grossmann’s comments, which are 
interesting, do not test the question he raises. 
It should be obvious that in such a com- 
plicated subject it is scientifically unsound to 
reject the base line established in a carefully 
controlled experimental sequence and sub- 
stitute, as a basis for comparison, data derived 
from miscellaneous sources. 

Answering Mr. Bucknall’s question regarding 
the discrepancies in the manganese factors, 
the differences in base compositions and in 
interpretations, already explained, can account 
for them. For instance, Crafts and Lamont’s 
data may be broken down into groups accord- 
ing to silicon content and, when thus plotted, 





observed and calculated critical diameters, 
we cannot agree with Mr. Bucknall that the 
interesting boron effect he mentions is respon- 
sible for all the divergence: first, because when 
boron is neglected entirely the calculated 
hardenability of 4.6 in. is still about 42 per cent 
in excess of the observed; and second, the 
divergence agrees with that shown by Hodge 
and Orehoski for steels of different composition 
but equal hardenability. 

No strong defense is offered for the method 
of determining the end-quench distance we 
used. As Mr. Bucknall says, the error involved 
at low hardenabilities for this method, or 
any of the others, is not large, but as harden- 
ability increases all methods are subject to 
increasing uncertainty. The inflection point 
method evidently errs on the conservative 
side at high hardenabilities, which tends, 
therefore, to decrease the upward curvature 
of the hardenability and factor curves. 
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Factors for the Calculation of Hardenability 


By Irvin R. KraAmer,* MEMBER A.I.M.E., SIDNEY SIEGEL* AND J. GARDNER Brooxs* 
(New York Meeting, October 1945) 


In 1942 Grossmann! proposed that the 
hardenability of a steel may be calculated 
from its chemical composition by con- 
sidering the base hardenability associated 
with its carbon content and grain size 
and multiplying this base by factors for 
each element present. Since Grossmann’s 
original publication, several investiga- 
tors?-§ have reexamined the multiplying 
factors for the individual elements and in 
general have found that the multiplying 
principle is valid. However, some of the 
individual factor curves developed have 
been in poor agreement. 

Inasmuch as the carbon-factor curve 
obtained by Grossmann was dependent 
upon the factors for all the other alloying 


other alloying elements. Furthermore, in 
order to avoid the possibility that errors 
in the manganese, silicon, or other curves 
might influence the carbon-factor curve, 
investigation of iron-carbon alloys con- 
taining little or no manganese and silicon 
was necessary. 

That the effect of carbon on harden- 
ability was greater than indicated by 
Grossmann is shown by a comparison of 
the diameters of completely hardened 
rounds of iron-carbon alloys with the ideal 
critical diameter calculated from Gross- 
mann’s factors. These alloys have a 
greater hardenability in a finite quench 
than predicted by Grossmann’s factors 
for an infinite quench (Table 1). 


TABLE 1.—Comparison of Calculated D; with Actual Quenched Bars 














Composition, Per Cent faa iain al 
Alloy 7 Dre Fully Har- 
Cc Mn Si P S ni | cr | Cu Cound Base 
| | ae ee ee 
GSM 0.34 0.07 0.02 0.003 0.014 0.10 0.01 | 0.01 0. 238 0.35 
GSM 0.46 0.07 0.02 0.004 0.016 0.11 0.01 | 0.01 | 0.260 0.40 
GSO 0.55 0.08 0.02 0.004 0.017 o.11 0.01 0.01 | 0.277 0.55 























*« Grossmann’s factors. 


elements present in the steel, it logically 
followed that his results were in need of 
correction in the light of the new data 
available for manganese, silicon, and the 


Published by permission of the Navy De- 
partment. This paper represents only the per- 
sonal opinions of the authors and in no way 
reflects the official attitude of the United States 
Navy. Manuscript received at the office of 
the Institute Oct. 15, 1945. Issued as T.P. 2029 
in METALS TECHNOLOGY, June 1946. 

* Division of~ Physical Metallurgy, Naval 
Research Laboratory, Office of Research and 
tr aca Anacostia Station, Washington, 


1 References are at the end of the paper. 


Among the other important variables 
that were in need of further investigation 
were the effect of deoxidation practice on 
the grain-size correction curves and the 
effect of stable carbide-forming elements 
on the depth of hardening. 

Most of the work by Kramer, Hafner, 
and Toleman‘ was done on silicon-killed 
steels. It was not known whether Gross- 
mann’s grain-size correction curves, deter- 
mined on aluminum-killed steels, was 
valid when applied to steels with different 
deoxidation practice. More data on the 
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effect of deoxidation on grain-size correc- 
tion were necessary. 

The effect on hardenability of the ele- 
ments that form stable carbides quite 
naturally depends on the austenitizing 
treatment, since that determines the 
amount of the element that goes into 
solution. The effect of elements like molyb- 
denum and chromium would be greater if 
steels containing these elements were 
austenitized at a temperaturé high enough 
and for a time long enough for the carbides 
to dissolve. When such steels are quenched 
from too low a temperature, the harden- 
ability may be lower than expected, 
either because the alloying element has 
combined with the carbon and prevented 
it from contributing its full share to 
hardenability, or because the undissolved 
carbides act as nuclei to start the upper 
transformation reaction sooner than ex- 
pected from the alloy content. The effect 
of incomplete solution of carbides on 
hardenability has been indicated by the 
work of Comstock!® on low-alloy titanium 
steels. The tensile and yield strength of 
these steels were markedly increased by 
normalizing at temperatures above 1800°F. 
as compared with normalizing at 1650°F. 

Steven,®> investigating the effect of 
chromium and molybdenum on the harden- 
ability of steel, found that when both 
elements were present the hardenability 
was lower than that predicted by the 
product of the hardenability factors for 
the individual elements. Such interactions 
make it likely that the problem of deter- 
mining hardenability factors becomes more 
complex as the number of stable carbide- 
forming elements in a steel is increased. 


METHODS 


The steels used in this investigation 
were melted in a r1oo-lb. basic high- 
frequency induction furnace. They were 
generally split into four parts and appro- 
priate alloying additions were made in the 
furnace before the steels were poured 


into cast-iron ingot molds. Two pounds 
of aluminum per ton was added to the 
steels that were aluminum killed. The 
ingots were homogenized for approxi- 
mately 12 hr. at 2300°F. and forged into 
11g-in. rounds. These bars were nor- 
malized as indicated in Tables 11B-—23B* 
before machining into Jominy-Boegehold 
test bars. 

The composition was determined by 
standard methods of chemical analysis. 
Most of the samples for analysis were 
taken from the Jominy bars. The quenching 
apparatus and quenching method were 
standard. The specimens were held at 
the austenitizing temperature for 2 hr. 
in graphite blocks. After quenching, the 
specimens were wet-ground to a depth 
sufficient to avoid surface effects. 

Hardness impressions were made at 
first with a diamond pyramid hardness- 
testing machine; later it was found that 
Rockwell C hardness readings were suffi- 
ciently accurate. The Vickers impressions 
were spaced 0.050 in. apart starting 0.025 
in. from the quenched end, while the Rock- 
well C impressions were spaced 4g in. 
apart. The “‘half-hardness” was deter- 
mined from the curve of half-hardness 
position versus carbon content, presented 
by Grossmann.! Many bars were ex- 
amined under the microscope for deter- 
mination of the 50 per cent martensite 
area until it was found that the two 
methods gave the same results within 
+10 per cent for most steels (Fig. 1). 

Most of the grain-size determinations 
were made by a count on photographs 
taken at appropriate positions on the 
Jominy specimens after electrolytic polish- 
ing and suitable etching. When it was 


* Tables 114 to 23B have been deposited 
with the American Documentation Institute. 
To obtain them, write to American Docu- 
mentation Institute, Bibliofilm Service, 1719 
N St., N. W., Washington 6, D. C., asking for 
Document No. 2223 and enclosing 50 cents for 
microfilm (images 1 in. high on standard 35- 
mm. motion-picture film) or $3.10 for photostat 
(6 by 8 in.). 







o 4 earn aich  BO 








See Se 























672 FACTORS FOR THE CALCULATION OF HARDENABILITY 







































































0.7 Pla r 
+ 10 %L 4 
4 Z. 
a an / 0% 
. ia 4 
0.6 s ? . 7 
= 4 4 
2 / 
¥ “a 4 
&.. 4 4 
™ 7 7 
os $s / 4 
} ” af Yl 
4 
ts) 4 
=} / a 
0.4 7 r 
2 rf \, 
4 
w ° i 7 
2 Z Z X WICKEL STEELS 
oss —y+ = © TITANIUM STEELS 
a 7 fy @ VANADIUM STEEL 
i A ZIRCONWM STEEL 
z s 4 CHROMIUM STEEL 
oot Og O42 5 MOLYBDENUM STEELS 
, 2 w CARBON STEELS 
a// * 3% MANGANESE STEELS 
rd 
Viz 
7 ~ 
0.1 WY, 
“U/ 
Y7 
wy 
JOMINY DISTANCE FROM I/2 HARONE SS | (INCHES) 
fe) 0.1 02 03 0.4 0.5 0.6 07 08 


Fic. 1.—COMPARISON OF HALF HARDNESS AND 50 PER CENT MARTENSITE MEASUREMENTS. 
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Fic. 2.—CORRECTION OF JOMINY DISTANCE AS A FUNCTION OF QUENCHING TEMPERATURE (Jackson 
and Christenson, REVISED’). 
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found that two independent observers 
could estimate the grain size with sufficient 
accuracy by comparison with 
this method was used. 


charts, 


fy 


distance less than 0.15 in. were not used 
in the calculations. 

The steels used in the determination 
of the grain-size correction curves (Fig. 3), 
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IDEAL CRITICAL DIAMETER-D, 
Fic. 3.—EFFECT OF DBOXIDIZING PRACTICE ON GRAIN-SIZE CORRECTION CURVES. 


The Jominy distance determined from 
the location of half hardness or 50 per cent 
martensite point was corrected for quench- 
ing temperature by the use of Fig. 2. 
This curve, derived by Jackson and 
Christenson,® gives the correction at 
o.4 in. from the quenched end. The 
quenching-temperature correction varies 
somewhat with the distance along the 
Jominy bar, but this curve is sufficiently 
accurate for distances from 0.20 to 0.50 in. 
Each Jominy distance was corrected to a 
1550°F. quench, which was used as a 
standard, and then converted to ideal 
critical diameter by the use of Grossmann’s 
conversion curve.' Because of the uncer- 
tainty in the lower portion of this curve, 
the data for steels having a Jominy 


were given special austenitizing treatments 
in order to develop a range of grain sizes. 
These bars were held at temperatures 
ranging from 1650° to 2200°F. (Table 11B) 
for 2 hr., then rapidly transferred to a 
furnace at 1550° or 1600°F. and quenched 
after 15 min. at the lower temperature. 
Steels free from stable carbide-forming 
elements were used in the grain-size ex- 
periments in order to avoid the possibility 
of indeterminate results because of changes 
in the solubility of the carbides. 


DETERMINATION OF THE FACTOR CURVES 
FOR CARBON 


There are essentially two methods that 
may be used for the determination of 
hardenability factors. Grossmann! in his 
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paper on calculated hardenability was 
able to obtain the factors for manganese, 
silicon, nickel, and other elements by 
determining the increase in hardenability 
with an increase in a given alloying element 
in a series whose base composition was 
kept constant. To find the factor curve 
for a given element it was only necessary 
to plot the ideal critical diameter against 
the percentage of alloying element under 
consideration, and divide each point on 
the curve by the intercept at zero per 
cent alloying element. As it is extremely 
difficult to prepare a series with all the 
elements in the steel remaining constant 
except the one being studied, other 
investigators determined the factors by 
the equation D; = fo X fma X fei X ---, 
a method that makes it possible to include 
data that could not otherwise be used. 


To establish the level of the carbon curve 
it was necessary to determine the ideal 
critical diameters of iron-carbon alloys 
very low in residual elements. The harden- 
ability-factor curves were then derived 
by a series of successive approximations 
in which the previously determined curves 
were used at first. For example, Crafts 
and Lamont’s manganese and silicon curves 
were used to develop a carbon curve, 
which was then corrected to the level 
established by the low-alloy Fe-C steels. 

This new carbon curve was then em- 
ployed to develop new manganese and 
silicon curves, and the procedure was 
repeated until further cycling caused no 
change. This process of cycling establishes 
the general shape of the carbon curve, 
whose level was determined from low- 
alloy steels. The balanced carbon, man- 


TABLE 2.—Chemical Composition of Low-alloy Steels 





























PER CENT 
Alloy Cc Mn Si P s Ni | Cr Cu Al | Mo 
GSB 0.41 0.018 0.08 0.015 0.016 | 0.02 0.01 0.074 | 0.045 | 0.01 
GSC 0.43 0.022 0.40 0.015 0.016 | 0.02 0.01 | 0.074 0.01 
GSD 0.39 | 0.021 1.13 | 0.015 | 0.016 | 0.02 0.01 | 0.074 0.01 
GSM 0.34 0.07 0.02 0.003 0.014 0.10 | <0.01 <o.01 0.07 
GSN 0.46 0.07 0.02 0.004 0.016 O.I1r |<0.01 | <o.01 0.06 
GSO 0.55 0.08 0.02 0.004 | 0.017 | 0.11 | <o.01 | <o.o1 0.07 
| { 





During the determination of the factor 
curves for carbon, manganese, and silicon, 
it became evident that their effect on 
hardenability was not a linear function of 
the alloy content. This made extrapolation 
dangerous, particularly near zero per cent 
alloying element, since these intercepts 
for the manganese and silicon curves were 
important in establishing the level of the 
carbon curve. In the absence of data for 
iron-carbon alloys low in residual elements, 
it would be possible to derive a system of 
hardenability-factor curves in which errors 
in the manganese and carbon curve levels 
would compensate each other over a wide 
range of compositions, resulting in a set 
of curves that would appear to yield 
fairly accurate calculations but that 
actually would be incorrect. 


ganese, and silicon curves were then 
used to redetermine the effect of the other 
alloying elements on hardenability, and 
these factor curves were again cycled 
through a process of successive corrections 
until a completely balanced system was 
obtained. 


Details of Determination of Ideal Critical 
Diameter for Low-hardenability Steels 


The steels selected for establishing the 
level of the carbon curve were of the 
compositions given in Table 2. Since iron- 
carbon base alloys with only residual 
amounts of alloying elements are very 
shallow hardening, the determination of 
ideal critical diameters for these steels 
required very careful quenching of small 
rounds. To make it possible to work with 
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larger founds or with Jominy bars, four 
iron-carbon-base alloys containing nickel 
were made up (Table 3). Steels PLJ and 
PLK were quenched as Jominy bars, while 
GSS and GST were quenched as rounds. 
For each of these alloys, except PLJ 
and PLK, a series of rounds, each having 
a length at least five times its diameter, 


After the bars were quenched, they 
were carefully sectioned by a water-cooled 
cutoff wheel. Vickers hardness surveys 
were made on two diameters and the 
results were averaged for the determination 
of the hardness-distribution curve. 

Eight bars of steel GSD formed an 
excellent series for the determination of 


TABLE 3.—Chemical Composition of the Low-alloy Steels Containing Nickel 
































PER CENT 
T 
Alloy Cc Mn Si P S Ni Cr Cu Al 
PL 0.55 0.016 0.03 0.004 0.015 1.27 <0.01 0.046 
PL 0.66 0.016 0.07 0.005 0.016 1.24 <o.01 0.040 
GSS 0.40 0.09 0.02 0.002 0.016 1.50 <0.01 0.01 0.05 
GST 0.50 0.09 0.02 0.003 0.015 1.51 <0.01 0.01 | 0.05 





was machined. These bars were heated to 
1550°F. in a reducing gas atmosphere and 
held in the furnace for at least 15 min. 
after the center of the bar had reached 
temperature. The bars of series GSB, 
GSC and GSD were quenched in a 4-in. 
diameter vertical flush pipe, in which the 
flow of water was adjusted by means of a 
Pitot tube in the inlet pipe. Series GSM, 
GSN, GSO, GSS, and GST were quenched 
in a similar flush pipe 8 in. in diameter. 
Two brass plates with ,-in. holes were 
placed at the bottom of the flush pipes, 
approximately 1 in. apart, .to ensure 
lamellar flow and uniform conditions over 
the cross section. 

A chromel-alumel thermocouple was 
inserted radially into the center of each 
bar and flash-welded so that the cooling 
rate at the center during quenching could 
be measured. In order to follow the rapid 
cooling rates encountered when small 
rounds are quenched, special equipment 
was developed,!® which’ increased the 
range of cooling rates that could be 
measured by the Leeds and Northrup 
Speedomax. In addition, step bars of 
series GSM, GSN, GSO, GSS, and GST 
were quenched without thermocouples 
under the same experimental conditions 
as the individual rounds of the same 
alloys. 


the severity of the quench in the 4-in. 
flush pipe (Table 4). In accordance with 


TABLE 4.—Determination of D,/D for Series 

















GSD 
: Unhardened Di- 
= Dinmetee (D), ameter (Dy) at | Du/D 
. . 320 VPN., In. 
35 0.502 ° o 
34 0.506 0.150 0. 296 
38 0.549 0.220 | 0.401 
37 0.552 0.220 | 0.366 
40B 0.601 0.340 0.566 
41 0.601 0.290 0.483 
42 0.653 0.460 0.704 
43 0.653 0.450 0.689 





the method of Grossmann and Asimow,’ 
the critical diameter (D,) and the severity 
of quench (H) were determined by match- 
ing the D,/D vs. D curve (Fig. 4) with the 
proper HD curve. For the bars of series 
GSD, 


HD = 0.90 from which H = = 

The bars of GSB and GSC were quenched 
under exactly the same _ experimental 
conditions as GSD. Fig. 5, in which the 
experimentally measured half-temperature 
time is plotted against bar size, indicates 
that the cooling conditions for the bars of 
GSB and GSC were the same as for GSD 
within the limit of experimental error. 
Therefore, it can be assumed that the 
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H value for quenching these two series of 2. Next plot the D,/D value of this 
rounds was the same (H = 1.8). bar against HD on Fig. 4. 
It is now possible to find the ideal critical 3. Follow the curve on which this point 
diameter for GSB and GSC by the follow- falls down to D,/D = o to find HD,. 
ing method: 4. Divide HD, by H to find D,. 
1. Multiply the value D for any bar by 5. Now use Fig. 3 to plot D, at H = 1.8 
the H value of the quench. to find D;. The data for all the bars of 
15 
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6 Oo 
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Fic. 5.—HALF-TEMPERATURE TIME VS. BAR SIZE FOR GSB, GSC, GSD. 


TABLE 5.—Determination of D; for GSB, GSC, and GSD 









































Run Dp | DD |Se.%| HD HDe | De Di | GS. gist 
| - 
: | | 
| PMG Se eee BRE : 
a 0.397 0.792 | 2.19 0.715 0.56 0.311 | 0.65 | 10% 0.82 
20C 0.393 0.865 2.30 0.708 | 0.525 | 0.292 0.63 1034 0.79 
0.451 |} 2.53 - 
= | 0.450 | |} 2.65 10% 
\ \ \ ' 
Average D1 at G.S. 7 = 0.81 
oa | | 
29 | 0.304 |<0.0 2.30 >0.394 >0.7 93% 0.92 
32 | 0.445 0.669 | 2.52 0.801 | 0.675 0.375 0.75 9% 0.90 
33 0.499 | 3.35 of | 
39 0.595 | 4.00 | 
i } 
Average Dr; at G.S. 7 = 0.91 
GSD 
35 0.502 | 0.478 2.85 0.904 o.81 0.445 0.83 934 0.96 
38 0.549 0.575 3.25 0.988 0.825 0.458 0.85 | 9% 0.97 
37 0.552 0.515 3.80 0.9904 0.87 0.584 0.88 934 | 1.05 
40B 0.601 0.665 3.48 1.082 0.83 0.461 0.85 104g | 1.08 
4! 0.601 0.615 3.75 1.082 | 0.86 0.478 0.88 | 10 1.08 
42 0.653 | 4.50 1.176 } | 
43 0.653 0.765 4.18 I 


.176 0.83 0.461 0.85 


i 


Average D; at G.S. 7 = 1.03 











“SHON IVA {Hs INDAAAAIA AOA IG *SA C—O “OLY 
‘ saye, ig 
oF 82 82 v2 ce? oC? 81, 8 vi es OF 80 90 vO co Q 


400 


oi 0 


FACTORS FOR THE CALCULATION OF HARDENABILITY 





678 















- = ee ee —s = oem ranean a. 
‘i “ <3 - wer" = sacs kai “ ‘ 
~ sin A etnies, eam SESE SEY ENSUE TR Se: ate 
baitd ¢: = Sane ee ~ se 
m CERT ponent ream gama mer mes oes at 


Kasai Nae et lane rye 





IRVIN R. KRAMER, SIDNEY SIEGEL AND J. GARDNER BROOKS 679 


TABLE 6.—Determination of D, for GSM, 
GSN, GSO, GSS, and GST 











TABLE 6.—(Continued) 


From match of D.u/D vs. HD curves: 











| ee CUA ee ee 2.0 
Re sae hg isa w Bde ayo 0.675 
, “<a 
Dr. 0.95 
Re es ae nh pie id a6 othe 
l 
GST | | 
NAPE .| 0.80 | 0.5% | 0.63 6.70 
PER oe 0.54 | 0.60 6.65 
Stepbar...... | 0.80 | 0.28 0.35 
Stepbar...... | 0.90 0.47 | 0.52 
Stepbar...... 1.05 | 0.68 0.65 | 
{ | i 
From match of Du/D vs. HD curves 
Mt eeinchen teas eke be 2.60 
ES Gee Se es -75 
 - 3-47 
SB NS ie <a ae 1.02 
RES ES SES SE ay 849 














| Half-tem- 
Bar |D,In.| Ds,In. | Ds/D perature 
| Time, Sec. 
= | | 
| 
| | 
GSM 
88B.... | 0.35 | <o <0 1.75 
9 Ae 0.65 | 0.50 0.77 3.70 
eae .oe) 0.70 0.55 0.79 5 
Stepbar......| 0.30 | <o <o 
Stepbar...... 0.40 | <o <o 
Stepbar...... 0.55 0.20 0.51 
Stepbar...... 0.70 | 0.50 0.71 
From match of Du/D vs. HD curves: 
Terra, tree 2.00 
Re > Sig here ek op a O89 
ae we 4.26 
|_| ARC 2 eae a 0.67 
aaa 3 giz 
GSN 
RRS 0.35 | <o <o 1.60 
er 0.50] 0.15 0.30 2.40 
OS Se 0.28 0.51 2.90 
BeRcccressct Be) Se 0.43 3.45 
Pec? hale 0.58 4.15 
Sar | 0.801 0:34 | ©.68 | 5.85 
ivan ncse ae 0.90 | 0.66 0.73 6.60 
Stepbar...... 0.30 | <o | <o 
Stepbar......| 0.40 | <o <o 
Stepbar...... 0.55 | 0.12 0.22 
Stepbar...... 0.70 0.42 | 0.60 
From match of Du/D vs. HD curves: 
Pr ire co osee SoS 
Dac bea atk ics 6 KES 0.55 
H. 5.81 
Dr. . 0.72 
7 7s . 9 
Half-tem- 
Bar D,In.| Dy, In. D./D perature 
} Time, Sec. 
GSO 
ae 0.40 | <o <0 1.85 
ae 0.60 | 0.12 0.20 3.20 
93A.. 0.60 0.22 0.37 2.35 
80A.. 0.70 0.36 0.515 5.05 
72B.. 0.90 | 0.62 0.685 7.10 
Se 2 95 | 0.77 0.81 8.75 
Pens xoarvcet BO 3.98 0.78 | 9.25 
Stepbar...... 0.30 | <o <o 
Stepbar...... 0.40 | <o <o 
Stepbar...... 0.55 | <o <o 
Stepbar...... 0.70 0.33 0.47 
From match of Dsy/D vs. HD curves: 
Sa a eee 2.2 
RE SA CAE eee eee . 0.60 
AASEA CERO s 5 taco \acty ane dee 3.67 
ERs 4: 0.83 
G.S.. o% 
GSS 
ere eo ae 0.71 6.90 
2 eer | 0.90 0.59 0.65 7.00 
Stepbar...... 0.80 | 0.43 0.53 
Stepbar...... 1.00 | 0.69 0.69 
1.02 0.82 


Stepbar...... | 1.25 





GSB, GSC, and GSD are given in Table 
5. 
The results of the quenching experiments 
for GSM, GSN, GSO, GSS, and GST 
(quenched in the 8-in. flush pipe) are 
shown in Table 6. These data have been 
matched with the curves of Fig. 4 according 
to the method of Asimow and Grossmann 
and the resulting critical diameters and 
H values are listed in the same table. 
Fig. 6 was then used to convert the values 
of critical diameter to ideal critical diam- 
eter. The average H value determined 
from the five sets of steels by this method 
was 4.0. 

In order to determine whether the 
severity of quench H in the 8-in. flush 
pipe varied as a function of bar diameter, a 
theoretical curve of half-temperature time 
versus bar size was derived by the use of 
Russell’s tables,!* assuming a severity of 
quench of 4.0 and a diffusivity of 0.009 
sq. in. per sec. This curve, together with 
the experimental points, is shown in Fig. 7. 
The excellent correlation indicates that 
under these experimental conditions the 
severity of quench H for bars ranging in 
diameter from 0.35 to 1.00 in. did not 
change as a function of bar size within the 
experimental error of the half-temperature 
time determinations. 

After the ideal critical diameters of the 
low-alloy steels were found as described 
above, the level of the factor curve for 


mo TP ete 
es 


—— 
pas a8 


TREES 


Sabet a 


Ueeeee tems t 


woo th hs cali ised 








| 

















680 FACTORS FOR THE CALCULATION OF HARDENABILITY 


oo yood 


HALF — TEMP. TIME —SEC 


a 


1 
30 .50 .70 





-—~ THEORETICAL CURVE 


He40 «=.009 IN°/SEC ° 


© GSM 
4 GSN 
oa 6SO 


90 1.10 1.30 


Fic. 7.-—-HALF-TEMPERATURE TIME VS. BAR SIZE FOR GSM, GSN, GSO, GSS, GST. 





1.0 


6sB ) Ply i PLK 
GSM | 6sc 6so | \ 
A \ oa Sa 





0.8 


PP st 


\ : oom 9), res 





06 


° 


| 


ee ° 
R GST 
GSs 


| 
en e | as 














MULTIPLYING FACTOR AT GRAIN SIZE 7 


























0.4 ya © AUTHORS’ DATA 
Hs @ FROM DATA OF GRAFTS 
Pa @ LAMONT 
- @ FROM DATA OF GROSSMANN 
0.2 77 5 eee 
4 
4 
# 
4 
7 | 
oié CARBON, PER CENT | 
) 0.10 0.20 0.30 040 0.50 0.60 070 


Fic. 8.—MULTIPLYING FACTOR FOR CARBON AT GRAIN SIZE 7. 


carbon was determined by correcting for 
grain size by means of the curves of Fig. 9 
and dividing the corrected ideal critical 
diameter by the product of the factors 
for the small amount of alloy present. 
These data are shown in Table 7 and are 
plotted in Fig. 8. 


DISCUSSION OF RESULTS* 


Preliminary work on the effect of silicon 
on hardenability revealed that the data 
for silicon-killed steels resulted in a factor 
curve entirely different from that derived 


* See footnote on page 671 regarding Tables 
Ir to 23. 
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from the data for aluminum-killed steels. 
An investigation of the effect of austenitic 
grain size on the ideal critical diameter of 
both silicon and aluminum-killed steels 


effect of grain size on hardenability is 
less for silicon-killed steels than for 
aluminum-killed steels. When the appro- 
priate family of grain-size correction 








\ wit 





AN AEA 
| 
































LALLA 











+ 
a 





\ a 


























3 


4 oS. s F-4.9 B 


IDEAL CRITICAL DIAMETER D, (INCHES) 
Fic. 9.—GRAIN-SIZE CORRECTION CURVES FOR SILICON-KILLED STEELS, 


showed two distinct families of correction 
curves (Fig. 3 and Table 11). The relation- 


TABLE 7.—Carbon Factors for the Low-alloy 





























Steels 
: Factor for 
Prod- Carbon 

Dr at} uct of 

Steel Jp Dr G.S. G.S.7 Fac- 
tors¢ | Car-| Per 
bon | Cent 
GSB 0.63] 1034] 0.81 | 1.29 |0.627| 0.41 
GSC 0.78) 934] 0.91 | 1.39 |0.654) 0.43 
GSM’ 0.67} 834] 0.73 | 1.19 0.614] 0.34 
GSN 0.72) 9 0.82 | 1.19 |0.688) 0.46 
GSO 0.83) 934] 0.95 | 1.19 |0.798) 0.55 
PLJ |o.113'1. 20) 10 1.45 | 1.91 |0.760} 0.55 
PLK |0.150 1.43) 9 1.60 | 1.88 |0.850) 0.66 
GSS 0.95| 8 1.02 | 1.86 |0.550] 0.40 
GST aes 833) 1.13 | 1.86 |0.610] 0.50 








® Product of factors for residual elements. 


ship for aluminum-killed steels is the 
Same as reported by Grossmann,! but 


curves was used for the data for silicon 
steels, the silicon-factor curves coincided. 
The effect of deoxidation on the grain-size 
correction curves was investigated only 
for silicon-killed and aluminum-killed steels. 
If this effect is associated with the oxygen 
or nitrogen content of the steel, the grain- 
size correction curves presented here 
might represent only two classes of 
deoxidized steels, with the possibility 
that other correction curves might be 
expected for steels deoxidized in a different 
manner. Idealized grain-size correction 
curves, Figs. 9 and 10, were used to correct 
the data for carbon, manganese, silicon, 
and other elements. 

Determinations of the 50 per cent 
martensite zone or of the “‘half-hardness”’ 
position have both been used as criteria 
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for the measurement of hardenability. 
A comparison of the two methods of 
measuring the depth of hardening for the 
steels of Table 8 is shown graphically in 
Fig. 1. In general, the two systems gave 
the same results within +10 per cent, 
with no apparent trend as a function of 
changes in chemical composition. This 
is to be expected for the steels for which 
the Jominy curve drops sharply in the 
vicinity of the 50 per cent martensite area. 


In general, “‘so per cent martensite” 
and ‘“‘half-hardness” results are used 
interchangeably in this paper. This may 
explain some of the scatter of the nickel- 
steel points (explained in more detail 
later), but for most of the alloys involved 
in the development of the factor curves, 
the Jominy curves were steep enough in 
the vicinity of the 50 per cent martensite 
zone so that the two methods might 
reasonably be employed indiscriminately. 


TABLE 8.—Steels Used in Comparison of 50-50 Zone and Half-hardness Measurements 





Composition, Per Cent 


| 








Alloy | 

Cc Mn Si P iS) Ni 
GOV-1 | 0.38 | 0.43 | 0.28 0.003 | 0.021} 2.03 
GOV-3 | 0.38 | 0.43 | 0.28 | 0.003/}0.021/ 2.03 
GPB-r1 | 0.45 | 0.46 | 0.34 |<0.001 | 0.020} 1.05 
GPB-4 | 0.45 | 0.46 | 0.34 |<0.001 | 0.020} 1.05 
GPC 0.44 | 0.45 | 0.34 |<0.001 | 0.020| 2.09 
GPD 0.43 | 0.45 | 0.35 |<0.001 | 0.020/ 3.07 
GPE 0.41 | 1.14 | 0.22 |<0.001 | 0.017 
GPG 0.38 | 1.12 | 0.25 |<0.001 | 0.017 
GHP-2 | 0.38 | 1.12 | 0.28 |<0.001 | 0.017 
GPJ 0.40 | I.14 | 0.31 |<0.001 | 0.017 
GPK-1 | 0.39 | 1.06 | 0.18 |<0.001 | 0.022 
GPL-3 | 0.38 | 1.04 | 0.20 |<0.001 | 0.021 
GPM-2 | 0.36 | 1.06 | 6.33 |<0.001 | 0.020 
GPO-1 | 0.42 | 0.83 | 0.23 |<0.001 | 0.023 
GPN-r | 0.34 | 0.81 | 0.11 |<0.001 | 0.020 
GPR 0.44 | 1.06 | 0.14 | 0.005 | 0.025 
GPS 0.40 | 1.06 | 0.33 | 0.005 | 0.025 
GPT 0.38 | 1.07 | 0.83 | 0.005 | 0.025 
PCB 0.33 | 0.47 | 0.30 
PCC 0.50 | 0.45 | 0.30 
GAA 0.43 | 0.64 | 0.34 | 0.016 | 0.026 
GBM 0.59 |} 1.39 | 0.30 | 0.015 | 0.033 
GBL 0.47 | 1.47 | 0.30 | 0.015 | 0.033 
GPX 0.22 | 0.74 | 0.66 | 0.002 | 0.026 
GPY 0.32 | 0.70 | 0.67 | 0.002 | 0.026 
GPZ 0.43 | 0.65 | 0.75 | 0.002 | 0.026 









































Half |. 
| Other | Hard-| 50-50 
Cr Mo ij Cu | Al | Bie | ™™ 
| ments | 
| 
| | 
ae. Wek #7 
Si 
0.005 0.06 | Killed 0.250/| 0.243 
0.005 | 0.06 | Killed 0.331 | 0.338 
0.01 | 0.07 | 0.087 ©.175| 0.155 
0.01 | 0.07 | 0.087 0.288] 0.290 
0.01 0.07 | 0.056 0.188) 0.188 
0.01 | | 0.07 | 0.038 0.256] 0.236 
0.03 | | 0.09 | 0.088 |0.036Ti| 0.273] 0.344 
0.03 0.09 | 0.081 |0.090Ti| 0.175 | 0.190 
| 0.03 | 0.09 | 0.061 |0.173Ti| 0.200| 0.208 
0.03 0.09 | 0.070 |0.362Ti| 0.169] 0.208 
| 0.01 0.07 | 0.066 |0.072Ti| 0.188 | 0.187 
0.01 0.07 | 0.051 |0.11V_ | 0.314] 0.310 
0.01 0.06 | 0.051 |0.078Zr| 0.281 | 0.278 
0.66 0.07 | 0.065 0.363 | 0.370 
0.0% | 0.35 | 9.07 | 0.073 0.237| 0.215 
| | 
<0.01 0.09 | 0.060 | 10.169] 0.171 
<o.0o1 0.09 | 0.060 | 0.244] 0.242 
<0.01 0.09 | 0.042 0.231 | 0.227 
| 0.125| 0.145 
|} 0.163/| 0.167 
0.10 0.10 | 0.00 ip pages 
©.079 0.24 | 0.00 | | 0.584! 0.631 
0.079 0.22 /]}0.00 | |o.615| 0.581 
0.010 0.06 0.213/ 0.202 
0.010 0.06 | 10.1751 0.205 
0.010 0.06 | | ©-298 | ¢. 947 
| 














It has been considered* that “half-hard- 
ness”? measurements for bainitic steels 
may be a source of error in the determina- 
tion of the depth of hardening. For these 
steels, the position of the half-hardness 
and the s5o per cent martensite zone are 
not necessarily coincident, and since the 
slope of the Jominy curve in the transition 
region is not steep, large errors are apt to 
occur in the determination of the ideal 
critical diameter. 


Fig. 8 (Table 12) shows the hardenability 
factor curve for carbon at grain size 7. 
The level of the carbon curve is approxi- 
mately three times higher than that 
reported by Grossmann.' As stated previ- 
ously, this was established by five iron- 
carbon alloys, GSB, GSC, GSM, GSN, 
GSO, whose manganese content was so 
low that there was little likelihood of 
compensating errors in the carbon and 
manganese-factor curves. The points GSS, 
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GST, PLJ, and PLK are for steels that 
also had very low manganese, but that 
contained approximately 1.25 to 1.50 per 
cent nickel to increase the hardenability. 


Table 14) is also lower than reported by 
previous workers. In general, silicon has 
relatively a small effect on hardenability. 


Because of the lack of agreement among 
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Fic. 12.— MULTIPLYING FACTOR FOR CARBON AT INDICATED GRAIN SIZE (SILICON-KILLED STEELS). 


Since the hardenability of PLJ and PLK 
was measured by Jominy bars instead of 
rounds, these points constitute a check of 
the accuracy of the determination of the 
effect of carbon. 

The grain-size correction curves have 
been combined with the carbon curve 
(Figs. 11 and 12) to make it possible to 
find the factor for carbon at any grain 
size. 

The factor curve for manganese (Fig. 
13, Table 13) differs markedly as to shape 
and magnitude from those reported by 
previous investigators. Manganese up to 
about 1.00 per cent has relatively little 
effect on hardenability, but above this 
level a very large effect. 

The factor curve for silicon (Fig. 14, 


various investigators,!:*.4.8 .the curve for 
nickel has been a subject of much interest. 
The factor curve shown in Fig. 15 (Table 
15) contains the hardenability data of 
both Crafts and Lamont and the authors 
and shows good agreement up to ap- 
proximately 3 per cent nickel. Above 
3 per cent nickel for the data of Crafts 
and Lamont, there is considerable scatter 
in the points. However, since the Jominy 
distances for these points varied from 0.66 
to 1.45 in., the scatter might be attributable 
to difficulty in determining the 50 per cent 
martensite zone or to the fact that 50 per 
cent martensite may not be a good criterion 
for hardenability when large amounts of 
bainite are present. The shape of the 
nickel-factor curve indicates that nickel 











IRVIN R. KRAMER, SIDNEY SIEGEL AND J. GARDNER BROOKS 


up to 0.50 per cent has a very large effect 
on hardenability, after which the curve 
flattens out until at approximately 2.5 per 
cent further amounts of nickel again have 
a large effect. 
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As generally recognized, however, it does 
influence hardenability by decreasing the 
austenitic grain size. 

The determination of —hardenability 
factors for alloying elements that form 
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FIG. 13.—MULTIPLYING FACTOR FOR MANGANESE. 


The factor curve for copper (Fig. 16, 
Table 16) is very similar to that for nickel. 
Percentages of copper that hitherto have 
been considered unimportant, and as a 
consequence not reported, exert a con- 
siderable influence on the hardenability. 
As little as o.10 per cent copper raises 
the hardenability 17 per cent. 

Aluminum, per se, has a very small effect 
on hardenability (Fig. 17, Table 17). 


stable carbides has been complicated by 
the fact that the hardenability of steels 
containing such elements is strongly 
dependent upon the heat-treatment. This 
has resulted in hardenability-factor curves 
that were at variance with one another and 
showed a large scattering of points at the 
higher percentages of alloying elements. 
To determine the effect of heat-treatment, 
steels containing chromium, molybdenum, 
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titanium, vanadium and zirconium (Table hardenability factors; but, as expected, 
9A) were heat-treated to find the effect of the austenitizing treatment had a marked 
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temperature, and precipitation of carbides lowed by holding at rsso°F. for 4 hr. 
at 1550°F. after a complete solution treat- before quenching showed that the carbides 


ment 


(Table 9B). In general, the normaliz- were less soluble in the austenite at the 


ing temperature had little effect on the latter temperature than at 2100°F. That 
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the carbides dissolved at 2100°F. were 
precipitated by holding at 1550°F. was 
evidenced by the fact that the harden- 
ability on quenching from 1550°F. was 


30 T I 


perature high enough to dissolve all of the 
carbides, the factors obtained by quenching 
these steels from 2100° or 1800°F. may 
give some indication of the maximum 
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Fic. 17.—MULTIPLYING FACTOR FOR ALUMINUM. 


lower than on quenching from 2100°F. 
As expected, the amount of carbide that 
precipitated from the austenite depended 
on time as well as on temperature. For 
most steels, the factors obtained upon 
holding for 15 min. at 1550°F. after 
austenitizing at higher temperatures were 
the same as those obtained after direct 
quenching from those temperatures. Since 
it is expected that the highest hardenability 
is obtained after austenitizing at a tem- 


factors that can be obtained in steels 
containing alloying elements that form 
stable carbides. 

In Fig. 18 (Table 16), the curve that 
seems best to represent all the available 
data on chromium steels has been desig- 
nated ‘“‘average factor.” In order to 
indicate the “probable maximum factor,” 
a straight line has been drawn between 
the origin and the maximum factor 
obtained by quenching from 2100° or 
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1800°F. The same method of designating 
the curves was used for molybdenum. 
Considerable scatter was encountered in 
the molybdenum factors (Fig. 18, Table 


combinations, found that when both 
elements were present the hardenability 
was lower than that expected from a 
consideration of the factors of the indi- 
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FIG. 19.—MULTIPLYING FACTOR FOR MOLYBDENUM. 


19), indicating that steels containing 
molybdenum may have widely varying 
hardenability, depending upon their ther- 
mal history. 

Steven,® studying the effect on harden- 
ability of chromium and molybdenum 


vidual elements. This appears to be a 
significant violation of the multiplying 
principle, but, as suggested by Grossmann, 
one that is not unexpected where stable 
carbide-forming elements are concerned. 
It is possible that interactions may occur 
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wherever two or more stable carbide- ability data for titanium, provided un- 
forming elements are present in the same _ dissolved carbides do not greatly affect 
alloy. the upper transformation by acting as 


TABLE 9A.—Chemical Composition of Steels Used in Study of Effect of Heat-treatment on 
Hardenability of Steels Containing Stable Carbide-forming Elements 









































Composition, Per Cent 
Alloy Acid- 
9 Mn Si P S Cu Cr sclable Other Elements 
GPO 0.42 0.83 0.23 | 0.01 0.023 | 0.07 0.66 0.065 
GPN 0.34 0.81 0.1! 0.01 0.020 | 0.07 0.01 0.073 | 0.34 Mo F 
GPK 0.39 1.06 0.18 0.01 | 0.022 0.07 0.01 0.066 | 0.072 total Ti 
GPL 0.38 1.04 0.20 0.01 0.021 | 0.07 0.01 0.051 | 0.11 total V 
GPM 0.36 1.06 0.33 0.01 0.020 | 0.06 0.01 0.051 | 0.078 acid-soluble Zr 
| . 














Steven’s data have been plotted in 
(Fig. 20, Table 20) to show the combined 
chromium-molybdenum factor as a func- 
tion of molybdenum at different levels 
of chromium. Of course, variations in the 
heat-treatment of steels containing chro- 
mium and molybdenum may result in 
hardenability factors that are different 
from those shown, but Fig. 20 represents 
the best available data for chromium- 
molvodenum steels. The curve has been 
replotted in Fig. 27 to simplify inter- 
polation. Ideal critical diameters for 
chromium-molybdenum steels quenched 
in the usual way calculated by the use of 
this chart usually check experimental 
values within +15 per cent. 

It has been suggested‘ that the harden- 
ability-factor curve for titanium should 
be expressed in terms of acid-soluble rather 
than total titanium,* since it was felt that 
this method of chemical analysis deter- 
mined the part of the titanium that had 
been in solution in the austenite and 
contributed to hardenability. It is con- 
ceivable that such a system of analysis 
might explain the vagaries of the harden- 


*The words “acid-soluble titanium,"’ as 
used here, refer to the portion of the titanium 
that has gone into solution in the ferrite. ‘‘ Total 
titanium” includes both the titanium in the 
ferrite and the titanium carbides and nitrides, 
which are present in the steel and do not dis- 
solve in the weak acid used in the analysis. 


nuclei. Data on the hardenability and 
analysis of acid-soluble titanium for steels 
that were heat-treated in various manners 
were obtained from Comstock.! The 
chemical analyses showed that, in general, 
the percentage of acid-soluble titanium 
increased with austenitizing temperature. 
When the factors were calculated (Fig. 20, 
Table 21), the results showed a good 
correlation between hardenability and the 
percentage of acid-soluble titanium. In 
these calculations the acid-insoluble ti- 
tanium was assumed to be present in the 
steel as TiC and the total carbon content 
was corrected accordingly. Steels having 
Jominy distances less than 0.15 in. were 
not used. Considerable scatter of points 
was found when the titanium factors 
were derived on the basis of total titanium 
(Fig. 22, Table 21). 

The factors for vanadium (Fig. 23, 
Table 22) and zirconium (Fig. 24, Table 23) 
revealed the same susceptibility to varia- 
tions in thermal history as did the factors 
for titanium. On each of these curves the 
range of hardenability factors obtained 
from the data of Table 9 has been desig- 
nated by an arrow. For some unexplained 
reason the hardenability factors of steels 
GPL were very much higher than those 
obtained from other sources. This seems 
to imply that the hardenability factors for 
vanadium can vary between wide limits. 
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TABLE 9B.—Effect of Heat-treatment on the Hardenability of Steels Containing Stable 
Carbide-forming Elements 

















































































































‘ticall 
Normalizing enching Time, at Grain Ree Ideal Critical] 
Alloy Tempera- co ra- 1550°F. Size, alf  esmmerer Factor 
} ture, Deg. F. | ture, Deg. F. Min. A.S.T.M Hardness > rsee" 
} CHROMIUM STEEL 
GPO-1 1550 1550 90 934 0.363 2.35 2.37 
: -6 1550 1550 90 9 0.331 2.23 2.12 
-2 1650 1550 90 93% 0.388 2.45 2.45 
-7 1650 1550 90 8.8 0.331 2.23 2.11 
-3 1800 1550 90 934 0.375 2.40 | 2.41 
-8 1800 1550 90 8.5 0.363 2.37 2.11 
-4 2000 1550 90 9 0.388 2.45 2.32 
| -9 2000 1550 90 8146 0.350 2.30 2.11 
J -5 2200 1550 90 9 | 0.346 2.30 2.20 
-10 2200 1550 90 7.8 | 0.432 2.65 2.32 
} : aa ser aa sats 
| Transfer and Quench Series 
' -II 1550 1650-1550 15 7.8 0.375 2.40 3.12 
-13 1550 2100-1550 15 534 0.598 =| 3.23 2.44 
-14 1550 2100-1550 240 544 0.475 2.80 2.12 
-I5 1550 1800-1550 240 S:4 0.419 2.60 2.38 
Direct-quench Series 
-16 1550 1650 | 9.2 0.344 2.39 2.31 
: 17 1550 1800 944 0.375 2.70 2.66 
i MOLYBDENUM SERIES 
Normalizing Series 
ti GPN-1 1550 1550 90 | 10% 0.237 | 1.84 2.25 
t; + 1550 1550 90 934 0.225 1.80 2.14 
i -2 1650 1550 90 10 0.219 1.76 2.12 
fH -7 1650 1550 90 9.3 0.247 1.90 2.19 
i} -3 1800 1500 90 104 0.237 1.83 2.25 
i -8 1800 1550 90 9% 0.238 1.83 2.11 
¥ 4 2000 1550 90 j 9h6 | 0.272 2.00 3,33 
1M -9 2000 1550 90 8.8 0.288 2.05 2.29 
i 5 2200 1550 90 | 9 0.225 1.80 2.04 
u | -10 2200 1550 90 8.3 | 0.250 1.90 2.06 
Transfer and Quench Series 
-II 1550 1650-1550 15 10 0.263. | 1.95 2.34 
-12 1550 1800-1550 15 8.8 0.269 | 1.98 | 2.10 
+ -13 1550 2100-1550 15 $.2 0.319 | 2.18 1.92 
fe -14 1550 2100-1550 240 14 0.431 | 2.63 1.81 
ice “15 1550 1800-1550 240 4 0.350 2.30 1.88 
+h! Direct-quench Series 
\ -16 1550 1650 10 0.263 2.04 2.45 
| -17 1550 1800 9.6 0.188 1.80 2.22 
i TITANIUM SERIES 
: Normalizing Series 
17 oe a s 
+ GPK-1 1550 1550 90 104% | 0.188 | 1.64 1.48 
6 1550 1550 90 8.8 o.s85- | 1.61 1.32 
-2 1650 1550 90 944 0.194 1.65 1.32 
s -7 1650 1550 90 9 0.200 1.70 1.64 
it -3 1800 1550 90 9.3 0.265 1.96 1.65 
| ‘F -8 1800 1550 90 816 0.238 1.84 1.47 
ii -4 2000 1550 90 8.5 0.219 1.76 1.40 
-9 2000 1550 90 8.8 0.219 1.7 1.41 
<5 2200 1550 90 8.3 0.188 1.64 1.29 
-10 2200 1550 90 7.8 0.212 1.73 1.32 
i} 
| 
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All the factor curves have been assembled turned out to be the same as reported by 7 
in Figs. 25, 26, 27 to facilitate a com- Grossmann. 
parison of the effect of alloying elements on It has been shown that the hardenability 


hardenability. It will be noted that the factors for carbon and manganese are 
factor curves for phosphorus and sulphur markedly different from those formerly 


TABLE 9B.—(Continued) 











































































































| - 
Normalizing | Quenching Time, at Grain 10s ae 
Alloy Tempera- | Tempera- . 1550°F. Size alf Casvetted Factor 
. ? a7 FF {ir | A.S.T. 
ture, Deg. F. | ture, Deg. F. | Min. | A.S.T.M. Hardness to 1550°F. 
' 
Transfer and Quench Series 
-12 | | 1800-15500 | 15 9.6 | 0.188 1.64 I.40 
-13 | 2100-1550Q [5 5 0.402 2.50 1.59 
-14 2100-15500 | 240 | 5.2 | 0.356 2.33 1.26 
| CBE ; _ \ 
Direct-quench Series 
l | 
-17 1800 734 0.206 1.90 | 1.44 
| 
VANADIUM SERIES 
Normalizing Series 
| 
GPL-t1 | 1550 1550 90 9.8 0.318 | S87 1.90 
-6 1550 1550 90 9} 0.325 | 2.21 1.92 
-2 1650 1550 90 96 0.325 3.22 I.92 
-7 1650 1550 90 845 | 0.302 | 2.11 | 1.7! 
-3 | 1800 1550 90 934 0.314 2.16 1.88 
-8 | 1800 | 1550 90 8.8 0.269 1.98 1.61 
-4 2000 1550 | 90 9 0.325 2:25 1.85 
-9 2000 1550 90 8.3 0.288 2.05 1.63 
Transfer and Quench Series 
———_—_—— cease : . _ 
-12 1800—-1550Q | 15 734 0.487 2.85 2.15 
-13 | 2100—1550Q | 15 4.5 0.418 2.60 1.50 
-14 | 2100-1550Q | 240 4 0.350 2.30 1.39 
-15 | 1800-1550Q | 240 834 0.381 2.42 1.99 
Direct-quench Series + 
| - ., | Le 
-16 1650 644 0.469 2.91 2.06 
| | iy 
ZIRCONIUM SERIES it 
Normalizing Series it 
ity "at ae if 
GPM-1 1550 1550 90 e. 0.270 2.00 1.63 ae 
-6 | 1550 1550 90 846 0.263 1.96 1.56 ie 
-2 | 1650 1550 90 8.8 0.281 2.03 1.65 3 
-7 | 1650 1550 90 734 0.275 2.00 1.52 
-3 | 1800 1550 90 9he 0.275 2.00 1.70 
-8 | 1800 1550 90 | 8.3 0.269 2.00 1.57 4 
-4 | 2000 1550 | 90 9 0.300 2.10 1.70 
-9 | 2000 1550 | 90 814 0.275 2.00 1.59 f 
“5 2200 1550 90 834 0.295 2.09 1.68 
-10 2200 1550 90 1% 0.281 2.03 1.48 
- ee ———— - uf 
Transfer and Quench Series Ri 
agers | 
II | 1550 1650-15500 15 7% 0.275 2.00 1.52 
-12 | 1550 1800—1550Q | 15 9 0.269 2.00 1.64 : 
-13 1550 2100-15500 15 4 0.462 2.97 1.63 
-14 1550 2100—1550Q | 240 3 0.412 2.57 1.42 
-I5 1550 1800-15500 240 734 0.300 2.10 1.55 
| 
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reported. It is believed that a statement factor found by Grossmann, the new 
is in order to explain why the previously manganese factor is approximately 28 per 
determined factors appear to have worked cent as high as reported by Crafts and 
so well in spite of the fact that the in- Lamont, while the new silicon curve is 
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dividual curves were inaccurate. The newly 85 per cent as high. Therefore, in certain 
determined carbon factor is approxi- ranges of composition, the product of the 
mately three times higher than the carbon _ factors for carbon, manganese, and silicon 
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are the same for both systems of factors. 
This area of ‘compensating error,” found 
by plotting the ratio of the new factors 
to the old, lies approximately within the 
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is the same whether the new factors or the 
old are used; example B, however, shows 
a steel in which the products calculated by 
the two systems of factors are considerably 
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following percentages: C, 0.30 to 0.60 per 
cent; Mn, 0.50 to 1.50 per cent; and Si 
0.50 to 2.00 per cent. Some examples may 
serve to clarify this point. The steel repre- 
sented by example A (Table 10) has a 
composition such that the product of the 
factors for carbon, manganese, and silicon 


FACTOR FOR VANADIUM. 


different. Perhaps this will explain why the 
previously determined factors worked in 
some cases and not in others. For the 
proper use of the factor curves developed 
in this paper the reader is cautioned to 
use the complete set of curves and not to 
substitute curves derived elsewhere. 
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The factor curves herein developed have 
been tested on the hardenability data for 
many steels, ranging in composition from 
the plain carbon type to those containing 


2. Half-hardness or so per cent mar- 
tensite measurements may be used inter- 
changeably as a criterion for harden- 
ability for Jominy-bar curves that fall 
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TABLE 10.—Examples of Calculation U sing 
Authors’ Data and that of Crafts and 
Lamont and Grossmann 








— Pipstously 
uthors’ eter- 
Per Cent Factors mined 
Factors? 
Example A 
ea aa ise 0.40 (GS-7) 0.64 0.213 
Bin anaes 1.50 2.75 6.95 
ee 0.75 1.28 1.50 
Product 2.25 2.22 
Example B 
Pes uiicus-s 0.40 (GS-7) 0.64 0.213 
a 0.20 1.08 1.17 
REE 0.25 1.08 1.17 
Product. . -748 .450 














* Manganese and silicon, Crafts and Lamont; Carbon, 
ossmann. 

many alloying elements. In general, the 

over-all accuracy is approximately +15 per 

cent; greater error occurring in the cal- 

culation of steels containing stable carbides. 


CONCLUSIONS 


1. Grain-size correction is dependent 
on deoxidation practice, aluminum-de- 
oxidized steels involving a greater cor- 
rection than silicon-deoxidized steels. 


off steeply in the vicinity of the so per cent 
martensite zone. 

3. The factor curves developed by 
previous investigators were in error be- 
cause the factor curve for carbon derived 
by Grossmann was not corrected to cor- 
respond with subsequent data for man- 
ganese and silicon and because data on 
steels containing very low percentages of 
manganese, silicon, and residuals were 
lacking. 

4. The level of the carbon curve has 
been determined on the basis of low- 
manganese iron-carbon alloys whose ideal 
critical diameters were determined from 
quenched rounds. The results of this work 
have been checked by data obtained from 
quenched rounds and Jominy bars of steels 
containing iron, carbon, nickel, and low 
residuals. 

5. Based on all the data available, the 
factor curves for carbon, manganese, and 
silicon have been derived so that they form 
a balanced system. ° 

6. The multiplying factor principle pro- 
posed by Grossmann for the calculation 
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of hardenability from the chemical com- 
position is valid. However, as indicated 
by Steven’s data,’ the principle that 
alloying elements act independently must 
be modified when two or more stable 
carbide-forming elements are present. For 
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steels containing both chromium and 
molybdenum it has been found that their 
over-all effect on hardenability is less 
than would be predicted by the product of 
their individual factors. These statements 
may apply only when the austenitizing 
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treatment does not effect a complete solu- 
tion of carbides. 
7. Austenitizing temperature and time 


Research Laboratory for their work of 
analyzing and preparing the specimens 
used in this paper. 
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at temperature markedly influence the 
efiect of stable carbide-forming elements 
upon hardenability. 

8. It is not necessarily true that many 
small additions of alloying elements are 
more effective in increasing hardenability 
than one large addition. The-most effective 
combinations can be determined only by 
examining the individual factor curves. 
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DISCUSSION 
(C. M. Loeb, Jr., presiding) 


M. A. *—The authors have 
been kind enough to let me see this work all 
during the course of its preparation, for which I 
want to express my thanks. 


GROSSMANN. 


© Director of Research, Tilinois 


Steel Corporation, Chicago, 


Carnegie 
Illinois. 


Their work points out one difficulty; namely, 
that the effects of the alloying elements can- 
not be determined by themselves apart from 
the effect of carbon. So that we must know 
first the effect of carbon on hardenability, 
and then by using carbon-manganese alloys or 
carbon-nickel alloys or carbon-molybdenum, 
find the effect of the alloying 
element as it is superimposed on the effect of 
the carbon. 


or whatever, 


We believe that their carbon results, in being 
stated to be substantially higher than the 
former carbon factors, are in the right direc- 
tion. We believe now that the earlier carbon 
values were too low; also, as a result, the former 
manganese factors were too high. 

Our results did not happen to indicate values 
for carbon quite as large as those found by the 
present authors, but I should like to compli- 
ment the authors on their careful techniques. 




















Addition Method for Calculating Rockwell C Hardness 
of the Jominy Hardenability Test 


By WALTER Crarts,* MemBer A.I.M.E., AND Joun L. LAmont* 


(New York Meeting, October 1945) 


ADEQUATE hardenability has long been 
recognized as one of the first requirements 
for producing desired mechanical properties 
in a heat-treated steel. Since the introduc- 
tion of the Jominy end-quench test! and 
the development of correlative information 
to expand its use, industry has had an 
effective measure of hardenability. Predic- 
tion and control of the hardenability have 
been made possible by Grossmann’s prin- 
ciple? for calculating hardenability from 
chemical composition; and Field’s con- 
version? from depth of half-martensite 
hardening to Rockwell C hardness has 
made the relation more quantitative. These 
developments have facilitated the design 
of new steels and the control of standard 
grades to the extent that it has been possi- 
ble to establish tentative hardenability 
bands for some of the more commonly used 
alloy steels.4 

As the depth of hardening of the Jominy 
test specimen is usually measured by Rock- 
well C hardness, it was considered that it 
should be possible to predict the hardness 
by a more direct calculation. It has been 
found that this can be accomplished by the 
addition of Rockwell C units proportional 
to the carbon and alloy content, grain size, 
and position in the Jominy test specimen. 
The calculation has been found to be fairly 

Manuscript received at the office of the 
Institute March 20, 1945. Issued as T.P. 1928 
in METALS TECHNOLOGY, October 1945. 

* Research Metallurgist, Union Carbide and 
Carbon Research Laboratories, Inc., Niagara 


Falls, N. Y 
1 References are at the end of the paper. 
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accurate, and because of its additive char- 
acter is relatively simple to use. 

In principle the method of calculation is 
somewhat similar to the expressions de- 
veloped by Herty, McBride, and Hollen- 
back,®> Burns, Moore, and Archer,*® and 
Burns and Riegel.’ The calculation is 
started from a base that includes the ef- 
fects of carbon content and position in the 
Jominy test speimen. Rockwell C units 
are added to the base in proportion to the 
alloy content and grain size. This sum 
represents the Rockwell C hardness up to 
the level at which a disproportionate in- 
crease of hardness is caused by the forma- 
tion of martensite, and above this level an 
increment for martensite hardening is 
added. The effects of alloys are directly 
proportional to the amounts present and 
are independent of each other, the carbon 
content,-and the position in the specimen. 
Furthermore, the factors for determining 
the martensite increment are dependent 
only on carbon content and are independ- 
ent of cooling rate and alloy content. It is 
this absence of interrelation between the 
different factors that makes it possible to 
calculate the hardness and makes the 
method of calculation consistent with the - 
principle that the character of the harden- 
ing reaction is governed primarily by 
carbon and that alloys exert their effect 
chiefly through control of the critical cool- 
ing rate. 

The principle of the calculation, and the 
effects of alloys on the critical cooling rate, 
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may be visualized by reference to the 
pattern of transformation indicated by 
the isothermal S-curve. The nonmartensitic 
hardness levels correspond to structures 
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the total alloy and carbon content, estima- 
tion of the amount of martensite is indirect 
and, therefore, of doubtful value. On 
the other hand, Grossmann’s multiplying 
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Jominy Specimen - 1/16 inch. 
Fic. 1.—CALCULATED ROCKWELL C HARDNESS OF JOMINY CURVE FOR N.E. 8645 STEEL. 


formed in time-temperature ranges beyond 
the end of transformation at the nose of 
the S-curve in which all of the austenite 
is transformed at elevated temperatures. 
The first appearance of martensite harden- 
ing corresponds to the end of transforma- 
tion at the nose of the S-curve and 
attainment of full hardening corresponds 
to the beginning of transformation. The 
analogy is modified by the differences 
between continuous cooling and isothermal 
transformation, but even with this restric- 
tion a sufficiently quantitative relation has 
been established to justify the qualitative 
soundness of the concept. The hardness 
calculation reflects the effect of alloys on 
hardness over the range from submar- 
tensitic to wholly martensitic structures 
directly rather than by inference from 
some one critical point or structure. 

Since the additive method is based on 
the effect of alloys on the hardness of non- 
martensitic structures, and martensite 
hardening is calculated as a function of 


method for determining the ideal critical 
diameter is based on the effect of composi- 
tion on the half-martensite structure and 
for similar reasons is a relatively inaccurate 
guide to hardness. The main reason for the 
discrepancy appears to be the differences 
in the hardness of nonmartensitic struc- 
tures that result from specific alloys and 
combinations of alloys. The difference in 
half-martensite hardness between steels 
of the same carbon content and different 
alloy compositions may be more than 15 
Rockwell C and is difficult to predict on 
account of interrelated effects of carbon 
and alloys. The two methods of calcula- 
tion, therefore, measure different properties 
and are considered to be complementary 
rather than substitutional. 


OUTLINE OF METHOD 


The method used for calculating Rock- 
well C hardness of the Jominy test speci- 
men may be visualized in Fig. 1, which 
shows the Jominy curve determined by 
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test on an N.E. 8645 steel as the solid 
line A. The calculated hardness is indicated 
by the dashed lines B, C, and E. In pro- 
ceeding from the air-cooled end toward the 


Rockwell "C" Hardness 





line C exceeds the maximum hardness 
(line Z) that can be obtained in a steel of 
this carbon content. The maximum hard- 
ness shown by line E is considered to repre- 


FIG. 2.—CARBON-BASE HARDNESS, MARTENSITE-BASE HARDNESS, AND MAXIMUM HARDNESS WITH 
RESPECT TO CARBON CONTENT. 


water-quenched end of the specimen, the 
calculated hardness is represented by 
the simple sum of the effects of carbon 
and alloy content (line B) from 2246 to 
274 in. from the water-cooled end. Above 
the hardness level shown by line D, the 
hardness becomes higher than is indicated 
by line B, and an increment for martensite 
hardening is added to obtain the calculated 
hardness. This calculated hardness is 
represented by line C from 27{¢ to 4/¢ in. 
from the water-quenched end. At the 
6{,¢-in. point the hardness indicated by 


sent the calculated hardness between the 
6{g-in. point and the water-quenched end 
of the specimen. The discrepancies between 
the actual and calculated hardness are 
fairly typical and result primarily from the 
characteristic shape of the Jominy curve 
for this specific type of steel, from the 
rounded shoulder of the Jominy curve, and 
from accidental errors. The degrees of 
divergence will be discussed in connection 
with the determination of the factors used 
for the calculation. 
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The different factors used in the calcula- 
tion are shown in Figs. 2 to 6. In Figs. 2 
and 3 is shown the “‘carbon-base hardness,” 
which represents the hardness of “pure’”’ 


305 


nd 
© 


Carbon-Base Hardness 
Rockwell "Cc" 


4 8 lk 


Jominy Specimen - 





701 


grain-size number represents the Rockwell 
C units to be added for the effect of grain 
size in the calculation. The Rockwell C 
addition units for alloys and grain size 


%C 
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Fic. 3.—CARBON-BASE HARDNESS WITH RESPECT TO POSITION ON THE JomIny TEST SPECIMEN. 


iron-carbon alloys quenched at rates corre- 
sponding to different positions in the 
Jominy specimen. The carbon-base hard- 
ness number, which is expressed by an 
extrapolated Rockwell C scale, includes 
the effects of both carbon content and 
position in the specimen. As shown in 
Fig. 2, the carbon-base hardness is directly 
proportional to the carbon content; and, 
as shown in Fig. 3, it increases at an 
accelerated rate in approaching the water- 
quenched end of the specimen. The carbon- 
base hardness was determined for a No. ro 
actual grain size. 

The effects of manganese, silicon, nickel, 
chromium, and molybdenum on the Rock- 
well C hardness are shown as “alloy addi- 
tion units” in Fig. 4. The effects of alloys 
differ with each alloying element, but in 
all cases the effect on hardness is directly 
proportional to the amount in the steel. 
Grain size has a similar effect, and the 
difference between No. 10 and the actual 


are added to the carbon-base hardness, and 
their sum is the calculated Rockwell C 
hardness, if it is below the level at which 
martensite hardening becomes apparent. 
When the observed hardness exceeds a 
certain level, it tends to become somewhat 
higher than is indicated by the sum of the 
carbon-base hardness and alloy addition 
units. The hardness level at which the 
disproportionate increase of hardness be- 
gins is designated as the “‘martensite-base 
hardness.”” The martensite-base hardness 
is not affected by alloy content or position 
in the specimen, but is dependent solely on 
carbon content, as indicated in Fig. 2. 
Above the martensite-base hardness level, 
the degree of the disproportionate increase 
is determined by the “martensite factor” 
shown in Fig. 5. This factor is multiplied 
by the number of Rockwell C units by 
which the sum of the carbon-base hardness 
and alloy addition units exceeds the 
martensite-base hardness. The product is 
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then added to the martensite-base hardness 
to obtain the calculated hardness. The 
martensite factor increases progressively 
with the carbon content and is independent 


Ww 
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Rockwell "C" 
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Alloy Addition Units 
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are added to the carbon-base hardness. 
This sum is indicated by line B in Fig. 1. 
The martensite-base hardness for the car- 
bon content is taken from Fig. 2 or Fig. 6 


5 2 10: 
in Siz 
3.0 4.9 5.0 6.0 


Per cent Alloying Element 
Fic. 4.—ALLOY ADDITION UNITS FOR INDICATED ELEMENTS, AND ACTUAL GRAIN SIZE. 


of the effects of alloys and position. For 
convenience, the martensite increment has 
been computed and is included in the 
nomographic chart shown in Fig. 6. 

The “maximum hardness,” Fig. 2, repre- 
sents the highest average hardness that is 
found in Jominy specimens of steel with 
the indicated carbon contents. As it is 
assumed that a higher hardness cannot be 
produced, the maximum hardness imposes 
a ceiling on the calculation. When the sum 
of the carbon-base hardness and alloy 
addition units plus the martensite incre- 
ment is greater than the maximum hard- 
ness, the maximum hardness is considered 
to be the calculated hardness. 

The method of calculation for steel of a 
given composition, such as the N.E. 8645 
steel shown in Fig. 1, is to determine the 
carbon-base hardness for the carbon con- 
tent of the steel at the desired point on the 
Jominy specimen from Fig. 2 or Fig. 3. 
The alloy addition units, from Fig. 4, for 
each element and for the actual grain size 


and is illustrated as line D in Fig. 1. Lines 
B and D cross at the 23{¢-in. point, so 
that the martensite increment must be 
added for points nearer to the water- 
quenched end. The calculated hardness 
including the martensite increment shown 
by line C may be obtained by multiplying 
the difference between lines B and D by 
the martensite factor (Fig. 5) and adding 
the sum to the martensite-base hardness, 
or the calculated hardness may be deter- 
mined directly from Fig. 6. The maximum 
hardness is taken from Fig. 2 or Fig. 6 and 
is indicated by line E in Fig. 1. Lines C and 
E intersect at the ®{¢-in. point, so that the 
calculated hardness is the same as the 
maximum hardness at points nearer to 
the water-quenched end of the specimen. 
The Jominy hardness of the N.E. 8645 
steel illustrated in Fig. 1 is calculated as 
shown in Table r. 

The hardness calculated for the 234 ¢-in. 
position is below the martensite-base 
hardness of 30.0 Rockwell C indicated for 














0.45 per cent carbon steel in Fig. 2, so that 
29 Rockwell-C represents the calculated 
hardness at this position and compares 
with the hardness of 31 Rockwell C deter- 


Martensite Factor 
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In using Fig. 6, the sum of carbon-base 
and alloy units is found on the right-hand 
side and is followed toward the left along 
the curved lines until the carbon content 








Per cent Carbon 
Fic. 5.—FACTOR FOR DETERMINING MARTENSITE INCREMENT. 


mined by test. The other locations are 
higher than the martensite-base hardness, 


TABLE 1.—Jominy Hardness of N.E. 8645 
Steel 
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and the calculated hardness may be ob- 
tained from the nomographic chart, Fig. 6. 


of the steel is reached. The hardness cal- 
culated to include the martensite increment 
is then read by the horizontal lines from 
the scale at the left. If the indicated hard- 
ness is above and to the left of the maxi- 
mum hardness line, as it is at the 4{¢-in. 
point, the maximum hardness for the car- 
bon content is considered to be the cal- 
culated hardness. 


DETERMINATION OF ADDITION INCREMENTS 


The carbon-base hardness, alloy addi- 
tion units, and martensite increment 
factors shown in Figs. 2 to 6 were developed 
by the reverse of the method outlined for 
the calculation of hardness. A carbon-base 
hardness was estimated for one location on 
the Jominy specimen and subtracted from 
the actual hardness determined at that 
point on Jominy test specimens of a series 
of shallow-hardening plain manganese 
steels. The line representing the approxi- 
mate increment of hardness due to man- 
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ganese was fairly straight and indicated 
that the addition method might be suitable. 
The manganese increment was then sub- 
tracted from the actual hardness values 
to develop a more accurate carbon-base 


Final Calculated Hardness 
(Including Nartensite Increment) 


Martensite-Base Hardness 
| 





factors accurately. The data from 448 
steels were used for determining the factors, 
but this number probably represents only 
a bare minimum for indicating the feasi- 
bility of the method. 


| ' 
Maxioum Hardness |— 


Y 
°o 


Sum of Carbon and Alloy Units «+? 


an 





5 0.6 


Per cent Carbon 


Fic. 6.—DIAGRAM FOR OBTAINING CALCULATED HARDNESS INCLUDING MARTENSITE INCREMENT 
FROM SUM OF CARBON-BASE HARDNESS AND ALLOY UNITS. 


hardness and to adjust it to a No. 10 grain 
size. Subsequently the Jominy test data 
of steels containing the other alloys were 
studied to determine their respective 
effects. The alloy increments were used to 
determine the carbon-base hardness at 
other positions nearer to the water- 
quenched end of the specimen. By using 
steels that were relatively soft at the air- 
cooled end, and noting the divergence at 
points nearer the water-cooled end, it was 
possible to determine the martensite factor. 
The carbon-base, position, alloy, and mar- 
tensite factors were successively redeter- 
mined until no significant changes were 
indicated. It was found that a great 
number of steels covering a wide range of 
composition are necessary to establish the 


The data used for the determination of 
the factors were restricted as much as 
possible to simple types in which only one 
alloying element was predominant. The 
steels covered a range of composition from 
0.08 to 0.61 per cent carbon, and up to 
2.68 per cent manganese, 2.18 per cent 
silicon, 5.32-per cent nickel, 2.53 per cent 
chromium, 0.62 per cent molybdenum, 
0.047 per cent phosphorus, 0.058 per cent 
sulphur and 0.97 per cent aluminum. The 
actual grain sizes ranged from No. 3 to 
9} and, as far as‘is known, the fine-grained 
steels were treated with aluminum. The 
effects of other grain-refining elements were 
not included in this investigation. Of the 
448 steels used in determining the factors, 
137 were experimental high-frequency or 
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arc-furnace steels made and tested at the 
Union Carbide and Carbon Research 
Laboratories; 69 were commercial steels of 
the British Standard Engineering Steel 
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Fics. 7 AND 8.—EFFECT OF CARBON ON BASE 
HARDNESS ON JOMINY TEST SPECIMENS. 





types supplied by the Technical Advisory 
Committee of the Special and Alloy Steels 
Committee (Steel Control of the Ministry 
of Supply) and tested at the Union Carbide 
and Carbon Research Laboratories, and 


Pe) 


242 were taken from data on commercial 
S.A.E. and N.E. steels produced and tested 
by several companies. Actual grain-size 
data were lacking for the last group of 
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steels, which were assumed to be No. 8 
grain size The samples tested at the Union 
Carbide and Carbon Research Laboratories 
were prenormalized and quenched from 
conyentional heat-treating temperatures, 
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and it is presumed that the commercially 
tested steels were treated in an equivalent 
manner. The amount and confidential 
character of some of the data make it 
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-10 


Jominy Depth - 1/16 in. 


-20 


-30 


0.1 0.2 0.3 0.4 


Per cent Carbon 
Fic. 11.—EFFECT OF CARBON ON BASE 
HARDNESS AT A DEPTH OF }4¢ INCH ON JOMINY 
TEST SPECIMEN. 


Oo 5 0.6 


impossible to tabulate the composition, 
grain size, Jominy hardness and calculated 
hardness of individual steels. 


CARBON-BASE HARDNESS 


The points on which the carbon-base 
hardness were established are shown in 
Figs. 7 to 11. As indicated, these points 
were determined by subtracting the mar- 
tensite increment and alloy and grain-size 
addition units from the hardness at the 
indicated locations on the Jominy speci- 
men. The great majority of the points lie 
within a band of plus or minus 6 Rockwell 
C from the line drawn through the middle 
of the range. As the data were insufficient 
to provide a statistical basis for establish- 
ing a mean, it was necessary to draw the 
trend lines by inspection. More emphasis 
was given to the extreme edges of the 
consistent band than to the averages of 
the points. Too few points were available 
to establish the carbon-base hardness of 





the ¢-in. position accurately, but the 
available data have been shown in Fig. 11, 
in order to permit an estimate of whether 
the maximum hardness can be obtained 
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in a shallow-hardening steel. Because of 
the steepness of the Jominy curves of 
shallow-hardening steels, it is considered 
probable that the hardness would not be 
very accurate near the water-quenched 
end of such steels. 

At all positions in the Jominy specimen, 
the effect of carbon is to raise the base 
hardness in direct proportion to the carbon 
content. As illustrated in Fig. 2, the lines 
are almost, but not quite, parallel; that is, 
it appears that there is relatively little 
interdependence between the effect of 
carbon and the effect of rate of cooling. 


Attoy AppITION UNITs 


The effects of alloys and grain size on 
hardness are shown in Figs. 12 to 20. The 
points shown on the diagrams represent 
the $46, 846, 18{¢ and 33/¢-in. positions 
except when the actual hardness ap- 
proached the maximum hardness. The 


effects of copper and other secondary 
elements were neglected. The increments 
of hardness due to all of the alloys may be 
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represented by straight lines with the samé 
degree of accuracy as for the carbon-base 
hardness. Thus, the effect of each alloy 
increases in direct proportion to the amount 
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and is independent of position in the speci- 
men. It is, therefore, relatively easy to 
evaluate the effects of individual alloys on 
Rockwell-C hardness over the whole of 
! the Jominy specimen. In the martensitic 
1k range alloys produce a greater degree of 





"Acid Soluble" Aluminum 


hardening than is indicated by the non- 
martensitic addition unit, but the relative 
effects of different alloys are in the same 
proportion. 
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Fic. 18.—ALLOY ADDITION UNIT FOR PHOSPHORUS. 
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The increment of hardness for each 1 
per cent of alloy is shown in Table 2 in 
comparison with the Grossmann multiply- 
ing factors determined previously by the 
authors.* Since the multiplying factors 
measure the effect on the half-martensite 
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structure, and the hardness addition units mium and molybdenum, however, add 
measure the effect on nonmartensitic struc- much more to hardness than might be 
tures, the comparison is not qualitatively anticipated from the relative size of their 4 
sound, and is justified only because the multiplying factors in comparison with 
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that calculated as the sum of the carbon- 
base hardness and alloy addition units. 
Although this extra increment of hardness 
is considered to be due to martensite, it 
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Fic. 22.—RELATION BETWEEN MAXIMUM 
HARDNESS OBTAINED ON JOMINY TEST SPECI- 
MENS AND CARBON CONTENT. 
was determined from hardness alone with- 
out reference to the microstructure. In the 
determination of the factor, the hardness 
of steels that were relatively soft at the 
32/-in. point was assumed to be the true 
hardness, and the appropriate increment 
in the carbon-base hardness for each posi- 
tion was added to the hardness at the 
32/,-in. point and plotted in comparison 
with the actual hardness at the 4(.6, 86, 
and 16{¢-in. points. This comparison was 
made with suitable steels in ranges of 0.05 
per cent carbon at intervals of 0.05 per cent 
carbon. A typical correlation chart is shown 
in Fig. 21. Straight lines were drawn 
through the divergent points, and the 
intersections with the line of 100 per cent 
correlation resulted in the “ martensite- 
base hardness” line shown in Fig. 2. The 
slopes of the divergent lines permitted the 
development of the martensite factor 
shown in Fig. 5. Thus, if the amount by 
which the sum of the carbon-base hardness 
and alloy addition units exceeds the mar- 


tensite-base hardness is multiplied by the 
martensite factor, and the product is added 
to the martensite-base hardness, the 
resultant calculated hardness follows a 
divergent line corresponding to that shown 
in Fig. 21. In order to facilitate its use, the 
martensite increment has been computed 
over the whole range and included in the 
nomographic chart of Fig. 6. 

Both the martensite-base hardness and 
the martensite factor become higher as the 
carbon content is increased. The martensite 
increment is independent of position in the 
Jominy specimen and of the alloy com- 
position, and is dependent only on the 
carbon content. It is evident that the same 
amounts of alloys that raise the hardness 
by one Rockwell C addition unit in the 
nonmartensitic range are sufficient to raise 
the hardness in the martensitic range by 
1.25 to 4 Rockwell C, depending on carbon 
content. 


MAXIMUM HARDNESS 


Maximum hardness was presumed to be 
dependent only on carbon content. The 
line shown in Fig. 22 was derived from data 
on 1063 commercially produced and tested 
steels. Relatively shallow-hardening steels 
that might not have attained full hardness 
were not used for this purpose. The line 
was constructed by averaging the maxi- 
mum hardness values at each carbon con- 
tent and then averaging the averages of 
five adjacent carbon contents to determine 
the hardness of the middle carbon content. 
Below 0.45 per cent carbon, this line 
agrees quite well with that given by 
Parker.® 

At carbon contents where a considerable 
number of points were available, the 
maximum deviation from the average was 
slightly greater than plus or minus 4 
Rockwell C. This illustrates what has 
appeared to be the greatest difficulty in 
attempting to calculate hardness. A large 
part of the differences shown in the dia- 
grams for carbon-base hardness and alloy 
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addition units seemed to be derived from 
errors in analysis, segregation, heat-treat- 
ment and hardness testing. These errors 
appeared to account for about half of the 
divergence from the calculated hardness. 
In view of the current effort to supply steel 
within narrow hardenability bands, it 
appears that some study of hardness test- 
ing would be desirable. The Rockwell 
tester itself is guaranteed to have an 
accuracy of only plus or minus 2 Rockwell 
C, and careful maintenance is required to 
stay within this. range. The degree of 
microsegregation in the steel also seems 
to be a prominent source of error, espe- 
cially in the parts of the specimens that 
are not completely hardened. 


DISCUSSION OF THE METHOD OF 
CALCULATION 


In summarizing the development of a 
method for calculating the Rockwell C 
hardness of the Jominy test specimen, it 
appears that the addition principle is a 
reasonable approach to the problem. The 
increments of Rockwell C hardness due to 
carbon and alloys are directly proportional 
to the amounts present. These increments 
are additive, so that their sum, including 
that for grain size and with the appropriate 
martensite increment, represents the hard- 
ness of the steel within an error of about 
plus or minus 6 Rockwell C. Although the 
calculation has been developed with re- 
spect to position in the Jominy specimen, 
the calculation may also be used with 
reference to rate of cooling® or to diameter 
of the quenched bar.'° 

It is notable that of the different types 
of factor used in the calculation, only the 
carbon-base hardness is dependent on 
cooling rate or position in the specimen, 
and even this relation is of a secondary 
order. The alloy and grain-size increments 
are entirely independent of the other 
factors, whereas the carbon-base hardness, 
martensite-base hardness, martensite factor 
and maximum hardness are dependent on 
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carbon. Therefore it appears that the alloy 
factors and the cooling-rate factor are 
qualitatively quite similar. The character 
of the factors, therefore, confirms the long 
recognized principle that hardening is 
essentially a reaction of the iron-carbon 
alloy and that the hardening effect of 
alloys is almost entirely exerted through 
control of the rate of the reaction. This 
concept is an obvious oversimplification, 
but it serves to indicate that the method 
of calculation is rational. 


Jominy HaARpDNEss OF S.A.E. AND N.E. 
STEELS 


As mentioned, the steels used to deter- 
mine the factors for calculating Rockwell 
C hardness were restricted as much as 
possible to the simpler types. In order to 
demonstrate the correlation in more com- 
plex types of heat-treating steels, data on 
commercially produced and tested S.A.E. 
and N.E. steels are shown in Figs. 21 to 
36 for the grades in which enough examples 
were available to illustrate the character 
of the results. The steels were all assumed 
to have an actual grain size of 8. With the 
exception of three heats, all of the available 
examples were included unless the chemical 
analysis was incomplete or a coarse grain 
size was indicated. Of the three heats dis- 
carded, one had a maximum hardness that 
was greatly different from the usual range 
for the indicated carbon content and was 
presumed to have been of some other 
analysis. The other two steels had Jominy 
curves typical of an effective boron 
treatment. 

The comparison of actual and calculated 
hardness of plain manganese S.A.E. 1340 
steel is shown in Fig. 23. The correlation 
was fairly good at the 44, and 234¢-in. 
points, but the calculation tended to give 
high results at the 84, and 16{¢-in. points. 
This reflects the tendency of this steel to 
have a more abrupt change from non- 
martensitic to martensitic hardness levels 
























than the average Jominy curve on which 
the calculation is based. 

The 3.5 per cent nickel steels (S.A.E. 
2317, 2330, 2335 and 2340), shown in Fig. 
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The chromium-nickel steels, S.A.E. 3135 
and 3140 (Fig. 26), show a slight tendency 
for the actual hardness to be slightly 
greater than the calculated hardness. The 
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Fics. 23 TO. 26.—COMPARISON BETWEEN ACTUAL AND CALCULATED HARDNESS DETERMINED ON 
S.A.E. STEELS. 


24, show fairly good correlation over the 
whole range, with a slight tendency for 
the actual hardness to be slightly lower 
than the calculated hardness. The 5 per 
cent nickel carburizing steels, S.A.E. 2512, 
2515, and 2517 (Fig. 25), show a good fit, 
with some tendency for the actual hardness 
to be slightly higher than the calculated 
hardness near the water-quenched end of 
the specimen. 


high-chromium-nickel carburizing steels, 
S.A.E. 3310 and 3316 (Fig. 27) have a 
good fit except for one widely divergent 
value. Such examples, which are well 
beyond the limit of reasonable error, are 
encountered more or less infrequently and 
appear to be due primarily to some unac- 
countable error, such as mixed steel, 
clerical mistakes, or faulty testing. Usually 
these heats show no abnormality in com- 
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position that would explain the reported 
hardness. 

The lower carbon steels of the plain 
molybdenum group, S.A.E. 4027, 4032, 
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greater than the normal degree of error. A - 


similar proportion of points with more than 
the usual error was found in the higher 
carbon S.A.E. 4140 and 4150 steels shown 
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Fics. 27 TO 30.—COMPARISON BETWEEN ACTUAL AND CALCULATED HARDNESS DETERMINED ON 
S.A.E. STEELS. 


4037, 4042 and 4047 (Fig. 28), tend to 
have a higher than calculated hardness 
through the middle part of the specimen. 
The lower carbon chromium-molyb- 
denum steels, S.A.E. 4130 (Fig. 29), show 
a tendency for the calculated hardness 
to be slightly low near the air-cooled end 
of the specimen. There also appears to be 
a relatively high proportion of steels with 


in Fig. 30. The steels containing combina- 
tions of chromium and molybdenum have 
been reported? to develop less than the 
calculated ideal critical diameter, but no 
evidence of such a tendency has been 
observed in the calculation of hardness. 
The nickel-chromium-molybdenum 
steels, S.A.E. 4320 and 4340 (Fig. 3i), 
have good correlation between actual and 
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calculated hardness. This is also true of 
the nickel-molybdenum steels, S.A.E. 4615, 
4620, and 4640 (Fig. 32), and of S.A.E. 
4815 and 4820 (Fig. 33). 
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range of error, although the average of 
calculated hardness is slightly lower than 
the actual hardness. The medium-carbon 
group, N.E. 8630, 8635, 8730, and 8735 
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FIGS. 31 TO 34.—COMPARISON BETWEEN ACTUAL AND CALCULATED HARDNESS DETERMINED ON 
S.A.E. STEELS. 


The number of plain chromium steels, 
S.A.E. 5140 (Fig. 34), is insufficient to 
represent the type of steel. The examples 
shown, however, are quite consistent and 
have slightly higher than calculated hard- 
ness through the whole range. 

The low-carbon nickel-chromium-molyb- 
denum carburizing steels, N.E. 8615, 8620, 
and 8720 (Fig. 35), are within the normal 


(Fig. 36), tend to have slightly lower than, 
calculated hardness at the 324¢-in. point 
but are generally within the usual range 
of error. In the higher carbon groups, N.E. 
8640 and 8740 (Fig. 37), and N.E. 8645, 
8650, 8745 and 8750 (Fig. 38), there is a 
tendency for the calculated hardness to be 
slightly high through the middle of the 
specimen. This appears to be due to an 
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incomplete correction for the abrupt change 
in the slope of the Jominy curve similar 
to that noted in the plain manganese steels. 

With the exception of a few scattered 
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ening and testing procedures, but a part 
is due to consistent divergence from the 
typical shape of the average Jominy curve 
that is inherent to the calculation. The 
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Fics 35 TO 38.—COMPARISON BETWEEN ACTUAL AND CALCULATED HARDNESS DETERMINED ON N.E. 
STEELS. 


points and the tendency toward lower 
than calculated hardness in the middle 
range of the plain manganese and the 
higher-carbon N.E. 8600 and 8700 steels, 
the calculated hardness of the S.A.E. and 
N.E. steels is accurate within the same 
degree of error that was indicated in the 
determination of the factors. A part of the 
error results from deficiencies in the hard- 


character and degree of this divergence 
were difficult to estimate with the data 
available, as a large number of examples 
of one grade representing a number of 
sources is required for demonstrating the 
typical shape of the Jominy curve. Among 
the grades of steel that were suitable for 
this purpose there were a sufficient number 
only of S.A.E. 1340, 2340, 4130, and N.E. 
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8640. The average Jominy curves of actual 
and calculated hardness of these steels are 
shown in Fig. 39. As was found in the 
comparison of individual points, the aver- 


different types of steel. The error from 
this source is probably of the same order 
as that involved in hardness testing, and 
under controlled conditions it is probable 
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FIG. 39.—COMPARISON BETWEEN AVERAGE ACTUAL AND AVERAGE CALCULATED JOMINY CURVES OF 
S.A.E. 1340, 2330, 4130 AND N.E. 8640 STEELS. 


age calculated hardness of S.A.E. 1340 
and N.E. 8640 is higher than the average 
actual hardness through the middle part 
of the specimen. In S.A.E. 4130 the average 
calculated hardness is lower than the 
average actual hardness near the air- 
cooled end. There is very little divergence 
in the S.A.E. 2330 steel. At the point of 
poorest agreement, S.A.E. 1340 at the 16 ¢- 
in. point, the difference is 3.5 Rockwell C. 

The divergence from the “average” 
Jominy curve is characteristic of each type 
of steel, but the complex steels show no 
consistent tendency resulting from the 
combination of alloys. In the intermediate, 
partially martensitic part of the Jominy 
curve, the chromium-molybdenum steel 
S.A.E. 4130 has slightly higher than the 
calculated hardness, whereas the nickel- 
chromium-molybdenum steel, N.E. 8640, 
has less than the calculated hardness. The 
divergences are smaller than might have 
been expected from the different types of 
microstructure that may be produced in 


that much closer estimates of hardness 
might be made on specific grades. 
Although this discussion of the S.A.E. 
and N.E. steels has tended to emphasize 
the error in the calculation, it is evident 
that the general suitability of the method 
of calculation and the accuracy of the 
individual factors are confirmed. The cal- 
culation therefore should be useful for 
evaluating the relative effects of alloys 
and for designing compositions capable of 
developing a desired hardness. One use 
may be illustrated by comparison of the 
actual and calculated Jominy hardness 
with the tentative hardenability band‘ of 
N.E. 8640 in Fig. 40. The degree of agree- 
ment is sufficiently good to suggest that the 
calculation has a degree of accuracy that 
may be useful for controlling hardenability. 


CONCLUSIONS 


It may be concluded from this study of 
the Rockwell C hardness of the Jominy 
test that: 
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1. The Jominy hardness of steel may be 
calculated in terms of Rockwell C units 
by addition of empirically determined 
increments for alloys, grain size, and mar- 
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Rockwell C, or, depending on carbon con- 
tent, these amounts of alloy raise the 
hardness by 1.25 to 4 Rockwell C. 

In comparison with the multiplying 
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Distance from Water—Quenched End of 
Jominy Specimen - 1/16 inch. 
Fic. 40.—COMPARISON OF ACTUAL AND CALCULATED HARDNESS WITH THE TENTATIVE HARDEN- 
ABILITY BAND FOR N.E. 8640 STEEL. 


tensite to the base hardness corresponding 
to that of a “pure” iron-carbon alloy 
cooled at a certain rate. The calculation 
usually is accurate within a range of about 
plus or minus 6 Rockwell C, of which 
approximately one half results from errors 
in testing and the other half is caused by 
real differences between steels of different 
compositions. 

2. The increments of hardness added 
by alloys are directly proportional to the 
amount present and are independent of 
position in the Jominy specimen, so that 
their relative effects may be evaluated 
simply. The amounts of alloying elements 
required for one Rockwell C addition unit 
are as follows: manganese, 0.065 per cent; 
silicon, 0.200; nickel, 0.182; chromium, 
0.067; molybdenum, 0.027. In the mar- 
tensitic range the effects of the alloying 
elements are in the same proportion but 
smaller amounts raise the hardness by one 


factors used for calculating ideal critical 
diameter, the alloy addition increments 
maintain a similar ratio for manganese, 
silicon, and nickel, whereas chromium and 
molybdenum have a relatively greater 
effect on Rockwell C hardness. Steels with 
combinations of alloys, such as chromium 
and molybdenum, have been found to 
develop the full hardness estimated from 
the individual effects of their component 
alloys. 

3. The validity of the calculation of 
the hardness of the Jominy test specimen 
has been confirmed on data from standard 
grades of steel, and the degree of accuracy 
indicates that the calculation may be 
useful in facilitating the prediction and 
control of hardenability. 
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DISCUSSION 


(C. M. Loeb, Jr., presiding) 


F. M. Watters, Jr.*—When I read this 
paper, I was a little disappointed because 
we had a phenomenon in which the combined 
effect of alloying elements was gotten by 
adding the effect of individual elements when 
we have so many phenomena in steel where 
the effect multiplies; that is, a given amount of 
an alloying element increases the tensile 
strength of a 50,000-lb..steel by 10,000 Ib. 
per sq. in. The same amount of alloying 
element will increase a 100,000-lb. steel by 
20,000 lb., that is, by 20 per cent. Gensamer 


* Naval Research Laboratory, Anacostia 
Station, Washington, D. C. 


found that the effect of alloying elements on 
the strength of ferrite followed the same sort 
of law. However, if you look into the method 
of measuring hardness, the Rockwell C is a 
perfectly arbitrary scale, and if.we compare a 
Rockwell C with tensile strength or Brinell 
hardness, you will find that as we go to the 
higher Rockwell numbers we get a greater 
increase in tensile strength, and apparently 
that comes in so that roughly we do have here 
multiplication; that is, increment of Rockwell 
C for an alloying element gives a greater 
increase in tensile strength or Brinell hardness 
at the higher hardness levels than at the 
lower. 


W. Crarts and J. L. Lamont (author’s 
reply).—The authors agree with Dr. Walters 
that the addition of Rockwell C hardness 
units is essentially a.multiplying operation, 
since the Rockwell C hardness scale is roughly 
proportional to the logarithm of the tensile 
strength or the Brinell hardness. Since Jominy 
specimens are readily tested by Rockwell 
hardness, the use of Rockwell C units for 
measuring the effects of the alloys is direct 
and additive, so that comparative evaluation is 
relatively simple. Although the addition of 
Rockwell C units is essentially multiplicative 
and therefore similar in character to other 
methods of estimating the effects of alloys 
on tensile strength, it is specifically advan- 
tageous in estimating hardenability, as the 
errors involved in estimating ideal critical 
diameter are avoided. 























The Influence of Titanium on the Hardenability of Steel 


By G. F. ComsTOckK,* MEMBER A.I.M.E. 
(New York Meeting, October 1945) 


A SERIOUS disagreement as to the effect 
of titanium on the hardenability of steel 
exists in published references to this 
subject. Kramer, Hafner and Toleman 
reported! that acid-soluble titanium de- 
creased the hardenability, with multiplying 
factors less than unity according to 


tion for the carbon that was combined 
with titanium and therefore occurred in a 
similarly ineffective form. 

It is suggested by the literature referred 
to that titanium may have different effects 
on hardenability, depending on the mode of 
its occurrence in the steel. The different 





TABLE 1.—Chemical Analyses of Steels 
Composition, Per Cent .: 
Steel Ac id- Total 
No soluble Ti 
f.* : * : : : Al 
C Mn Si Cu Ni Cr Mo \ 

I 0.360 0.68 | 0.22 

2 0.368 0.62 | 0.28 0.040 0.038 0.071 0.003 0.001 0.163 0.055 

3 0.307 0.63 0.33 0.042 0.052 0.072 0.183 0.360 

4 0.364 0.66 | 0.38 0.035 0.040 0.076 0.003 0.001 0.077 0.777 

5 0.404 0.66 | 0.19 0.10 





Grossmann’s system for calculating hard- 
enability from the composition. Crafts 
and Lamont, on the other hand, showed? 
how titanium increased the hardenability, 
with multiplying factors up to nearly 1.7 
for about o.1 per cent titanium, though 
reducing the hardenability with higher 
titanium. Their data, 
obtained almost exclusively from steels 
containing more than 1.4 per cent manga- 
nese, and thus should be considered as 


however, were 


applying mainly to manganese steels. 
Likewise, the results of Kramer, Hafner 
and Toleman regarding titanium are sub- 
ject to the limitation that although they 
eliminated the effect of the insoluble 
titanium compounds from their calcula- 
tions, they did not make a similar correc- 





Manuscript received at the office of the 
Institute Jan. 24, 1945. Listed for New York 
Meeting, February, 1945 which was canceled. 
Issued as T.P. 1904 in METALS TECHNOLOGY, 
September 1045. 

* Metallurgist, Titanium Alloy Manufac- 
turing Co., Niagara Falls, New York. 

1 References are at the end of the paper. 
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effects on strength, ductility, etc., have 
already been discussed by the author.* 
In the present discussion some comparisons, 
on the basis of hardenability as revealed 
by the Jominy end-quench test, are given 
between three titanium and two non- 
titanium steels heat-treated in the same 
ways, and between other titanium steels 
heat-treated in several different ways. 


COMPARISON OF PLAIN-CARBON, 
VANADIUM AND TITANIUM STEELS 


The five steels used for these experiments 
were commercially melted and _ rolled 


‘products received in the form of 1.5-in. 


rounds from three different mills. Their 
analyses are given in Table 1. 

Steels 2, 3, and 4 are from the same basic 
electric-heat, containing 0.009 per cent of 
phosphorus and the same amount of 
sulphur. They were made by adding 
aluminum and low-carbon ferrotitanium 
to different ingots. No. 1 is a plain carbon 
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coarse-grained S.A.E. 1040 steel made by 
the basic open-hearth process. No. 5 
is a vanadium steel made in a basic electric- 
arc furnace. This is the same steel des- 


diameter were machined from the samples 
and after heating in various ways were 
end-quenched by the standard Jominy 
procedure. In heating, the bottom ends of 
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ignated as V in the author’s paper referred 
to above;? No. 1 is the steel designated 
as O in that paper, and No. 3 the same steel 
as T. 

Samples of 1.5-in. rounds of these five 
steels, 6 in. to about one foot long, were 
heated for 4 hr. at 2200°F. and air cooled. 
Hardenability test specimens of 1-in. 


the specimens were protected from scaling 
by insertion in close-fitting holders or cups 
of high-chromium steel. By preliminary 
heating of a dummy specimen having 
a central hole in which a thermocouple was 
placed, it was determined that, with the 
cup already at the furnace temperature, 
about 20 min. was required for the inserted 
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specimen to come up to the same tempera- 
ture. The heating times for the specimens 
to be quenched were measured from the 
expiration of that period. These heating 


without heating, along the sides of the 
specimens, and the Rockwell-C hardness 
was determined at various distances from 
the quenched end. The average results are 
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Fic. 2.—HARDNESS DISTRIBUTION ALONG SIDES OF END-QUENCHED SPECIMENS. 


times, and the temperatures, were as 
follows for the different specimens of 
each steel: 


A, 20 min. at 2200°F. 
B, 20 min. at 1980°F. 
C, 20 min. at 1630°F. 
D, 1 hr. at 1630°F. 
E, 3 hr. at 1630°F. 


After end-quenching from these tempera- 
tures, two flat strips were ground carefully, 





34 ] 1% \'p 


plotted on Figs. 1, 2, and 3. Subsequently 
the microstructure of one flat strip of each 
specimen was examined near the quenched 
end to determine the grain size and the 
distance from that end to the point where 
there was only so per cent martensite; and 
the softer end of each specimen of the 
titanium steels was sampled for chemical 
determination of the soluble and insoluble 
titanium. 





















is ipaineep eects tmteramaae: 


eee ar arene re 











722 THE INFLUENCE OF TITANIUM ON THE HARDENABILITY OF STEEL 


For the determination of soluble tita- 
nium, the samples were dissolved in 10 
per cent sulphuric acid, heated without 
boiling until the reaction ceased. Special 
care was found to be necessary in filtering 
to separate the finest insoluble particles 
from the solution. Filtering through packed 
paper pulp about 44 in. thick seemed to be 


29 of Grossmann’s paper on hardenability 
calculated from cehmical composition,‘ 
or the formula 


Rockwell C (for 50 per cent martensite) 
= 24.6+ per cent carbon X 37.4. 


The longer horizontal lines cutting the 
hardenability curves of Figs. 1, 2, and 3 
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satisfactory. Many puzzling results re- 
ported previously were explainable on the 
basis of imperfect filtering. 

The depth of hardening, or so-called 
Jominy distance, was estimated not only 
from the microstructure of each specimen 
but also from the hardenability curves. 
These were used in two ways for the tita- 
nium steels, both involving the use of Fig. 


show these “‘half-hardness”’ values derived 
in this way by using the total carbon 
contents of each steel. The shorter broken 
horizontal lines give similar values derived 
from the effective carbon contents of the 
titanium steels, or the carbon not tied 
up with insoluble titanium, and, therefore, 
available for hardening. The latter method 
is preferable, provided it is kept in mind 
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that one of the effects of titanium on 
steel is to reduce the amount of carbon 
available for hardening. There is an 
appreciable difference in the results ar- 


0.7 


~ 
we 


by Jackson and Christenson in 1943. Since 
this curve was not published with the 
paper, it is presented here as Fig. 4, with 
Mr. Jackson’s permission. The correcting 
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Fic. 4.—CORRECTION FOR QUENCHING TEMPERATURE OF DISTANCE ALONG END-QUENCHED HARDEN- 
ABILITY BAR (C. E. Jackson). 


End-quench distance (measured 
; ‘Factor By 
rived at by the two methods in the higher 
titanium steels, especially after quenching 
from the higher temperatures. 

The metallographic estimation of the 
depth of hardening was also done in two 
ways. The ordinary method of noting the 
distance from the quenched end where the 
structure consisted of equal parts of 
martensite and troostite was difficult and 
uncertain with the fine-grained high- 
titanium steel, where there was consider- 
able ferrite and very little dark-etching 
troostite. In such specimens, however, a 
fairly definite change of color could be 
noted with the naked eye after a deeper 
etch, at about the boundary between the 
martensitic and sorbitic structures. The 
distance of this line from the quenched end 
was taken as a measure of the hardening 
depth by macroetching. These data are 
given in Table 2. 

After the three measurements of depth 
of hardening had been averaged, as noted 
in Table 2, the results were corrected to 
eliminate the influence of the quenching 
temperature, by use of the curve shown 
by C. E. Jackson in presenting the paper 


- = End quench distance at 1600°F. 


factors used were 09.75 for 2200°F. and 
0.81 for 1980°F., to convert to values 
comparable to those obtained by quenching 
from 1630°F. 

The “ideal critical diameters,”’ indicating 
relative hardenabilities, as given in the 
last column of Table 2, were computed 
from the corrected depth of hardening 
by means of Grossmann’s Fig. 28.4 

Several interesting comparisons can 
be found in Table 2. The vanadium steel 
5 has a greater ideal critical diameter— 
in other words, is more deeply hardenable 
—than either the plain steel 1 or the 
titanium steels, when quenched from 1980° 
or 2200°F., but when quenched from 
1630°F. it is less deeply hardenable than 
the coarse-grained plain steel, though 
more so than the titanium steels. The plain 
steel increases in ‘grain size and in depth 
of hardening as the time at 1630°F. 
increases, but the other steels do not 
change much at 1630°F. 

The low-titanium steel 2 and medium- 
titanium steel 3 are intermediate in depth 
of hardening between the plain steel and 
the vanadium steel when quenched from 
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2200°F., a temperature that may be taken 
as fairly representative of welding condi- 
tions. This is illustrated graphically by 
the curves on the lower part of Fig. 3. 


of the titanium steels decreases as the 
titanium content increases, the high 
titanium steel being always the shallowest 
hardening. 


TABLE 2.—Grain Sizes, Depths of Hardening and Ideal Critical Diameters 

































































‘ F 
ominy Distance at . 
Hat hevament In., for Depth of Hardening, In. 
Steet N or - | Sua SE Ideal 
teel No. tain i 
’ Size ‘ At 50 | Average | Corrected ae, 
Total Effective | Per Cent | By of Three | for ’ 
Carbon Carbon Marten- | Macroetch| Columns | 1630°F. 
site at Left Quench 
A. Samples Quenched from 2200°F. 
| | 
I I 0.165 0.165 0.254 | 0.227 | 0.215 0.286 2.07 
2 2.5 0.21 0.21 0.237. | 0.235 0.227 0.303 2.15 
3 5 Q.22 0.24 0.228 | 0.212 0.227 0.303 2.15 
4 6 0.135 0.18 0.185 | 0.17 0.178 0.238 1.85 
5 3.5 0.28 0.28 | ©. 309 0.26 0.283 0.378 2.47 
B. Samples Quenched from 1980°F. 
| | ee | : ‘i a hae 
I rus 0.195 0.195 | 0.252 0.21 0.219 | 0.270 2.00 
2 3.5 0.22 0.22 | 0.256 0.24 0.239 0.295 2.11 
3 6 0.165 0.185 0.203 0.20 0.196 0.242 1.87 
4 8 0.07 0.095 0.118 0.095 0.103 0.127 r.22 
5 2.5 0.285 0.285 0.332 0.275 0.297 0.366 2.41 
C. Samples Quenched after 20 Minutes at 1630°F. 
| | ' 
I 4 | 0,205 0.205 | 0.205 | 0.185 0.198 0.198 1.67 
2 8 0.145 0.15 O.I5I | 0.15 0.150 0.150 1.44 
3 | 8.5 0.125 0.135 0.134 | 0.13 0.133 0.133 1.36 
4 9 0.035 0.085 0.130 0.0907 | 0.104 0.104 3.39 
5 8 0.20 0.20 0.171 0.18 0.184 0.184 1.60 
D. Samples Quenched after One Hour at 1630°F. 
I 2.5 0.22 0.22 0.224 | 0.22 0.221 0.221 | 1.77 
2 a 0.155 0.16 0.181 | 0.155 0.165 0.165 t.8% 
3 8.5 O.115 0.13 0.140 | 0.13 j 0.133 | 0.133 1.36 
4 8.5 0.07 0.095 0.106 | 0.09 | 0.007 | 0.007 | 1.19 
5 8 0.205 0.205 0.185 0.18 | 0.190 0.190 1.62 
> | Ane “pt 
E. Samples Quenched after Three Hours at 1630°F. 
I 1.5 0.23 0.23 0.276 0.262 | 0.256 0.256 1.93 
2 7 0.15 0.15 0.173 0.162 | 0.162 | 0.162 1.50 
3 8 0.13 0.14 0.155 0.14 0.145 | 0.145 1.42 
4 8.5 0.055 0.09 0.102 0.095 0.096 0.096 I.19 
5 7 0.205 0.205 0.195 0.19 0.197 0.197 1.66 





In this condition, however, the titanium 
steels are finer grained than the others, 
even the vanadium steel being much 
coarser. When quenched from 1980°F., 
only the lowest titanium steel is more 
deeply hardenable than the plain steel, 
and when quenched from 1630°F. the 
titanium steels are much less deeply 
hardenable than the others. In all condi- 
tions of these experiments the hardenability 


The lower portions of the hardenability 
curves of Figs. 1, 2, and 3, representing 
the air-cooled parts of the test specimens, 
are of interest as well as the upper parts 
that show the depth of hardening. The 
plain carbon steel 1 has the right-hand 
ends of the curves sloping down with 
reasonable uniformity in the normal 
manner. With the titanium steels 2, 3 and 4, 
however, the higher position of the curves 
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derived from the quenches at higher 
temperatures is maintained through the 
air-cooled ends. This illustrates the fact 
that the hardening and strengthening 
effect of soluble titanium is not dependent 
on quenching from the solution tempera- 
ture, but is found also after air cooling. 
In this respect the hardening effect of 
titanium is quite different from that of 
boron, which is found only after very 
rapid rates of cooling. 

Reheating for only 20 min. at 1630°F. 
produces a very marked reduction in 
hardenability of a titanium steel previously 
air cooled from 2200°F. All of the hardening 
effect of the soluble titanium is not lost, 
however, by the 20-min. treatment at 
1630°F., inasmuch as the hardenability 
is lowered still further by 1-hr. and 3-hr. 
treatments. 

In the vanadium steel 5, the middle 
portions of the curves are closer together 
than in the titanium steels, indicating 
that with the intermediate rates of cooling 
occurring between o.5 and 1 in. from the 
quenched end of the Jominy test specimen, 
it makes no difference in the hardening 
effect whether vanadium carbide was 
first dissolved at a high temperature or 
allowed to precipitate at 1630°F. This is 
quite different from the results with the 
titanium steels under the same conditions. 
However, the curves for the vanadium 
steel quenched from 2200° and 10980°F., 
where greater hardenability was shown at 
the higher hardness levels, have an 
abnormal upward direction at the right- 
hand or air-cooled end. The reason for 
this is not entirely clear; perhaps there 
is some precipitation-hardening from the 
vanadium carbide in solid solution, at the 
particular rate of cooling occurring about 
1.25 or 1.5 in. from the quenched end of 
the Jominy test specimen. It seems signifi- 
cant that this hardness increase at the 
air-cooled end is found only in the two speci- 
mens quenched from the higher tempera- 
tures required for increased hardenability. 


A similar occurrence is shown to a barely 
perceptible degree in the high-titanium 
steel 4. 


HARDENABILITY FACTORS FOR TOTAL 
TITANIUM 


The hardenability factors for total 
titanium were computed with the ideal 
diameters given in Table 2, using the 
grain sizes also given there and the ana- 
lytical data of Table 1, by the methods 
explained by other investigators in the 
papers cited.':}* The procedure, briefly, 
is to multiply together the hardenability 
factors for grain size, carbon, and all 
other components of the steel (except 
titanium) and then determine the factor 
that will make the product equal to the 
experimentally determined “ideal critical 
diameter.”’ This factor is the one cor- 
responding to the titanium content. 

The factors used for grain size and 
carbon were those proposed by Grossmann 
in Fig. 18.4 The factors used for the other 
elements were those used by Crafts and 
Lamont.2 Those for phosphorus and 
sulphur are the original factors proposed 
by Grossman‘ and used also by Kramer, 
Hafner and Toleman.' The copper factor 
is also due to Grossmann, but was checked 
very closely by Kramer, Hafner and 
Toleman. The complete list of the factors 
used in the present work is as follows: 


Manganese........ 1 + 4.08 X per cent Mn 
Phosphorus....... 1 + 2.60 X per cent P 
eae 1 — 0.65 X per cent S 
Silicon............ 1 + 0.67 X per cent Si 
Copper........... 1 + 0.36 X per cent Cu 
Nickel............ 1 +0.74 X per cent Ni 
Chromium........ 1 + 2.16 X per cent Cr 
Molybdenum...... 1 + 2.53 X per cent Mo 
Vanadium......... 1 + 1.73 X per cent V 
Aluminum........ 1 + 0.93 X per cent acid- 


soluble Al 


The results of the calculations of the 
multiplying factors for titanium are given 
in Table 3, and the factors arrived at are 
plotted against total titanium on the upper 
part of Fig. 5. 
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The multiplying factors for total tita- 
nium given in Table 3 and plotted on the 
upper part of Fig. 5 are in fair agreement 
with those given by Crafts and Lamont,’ 
but there are insufficient points on this 
chart to show the true form of the curve 


TABLE 3.—Hardenability Factors for Total 
Titanium 





Multiplying Factors 

















| Total | Crit- 
| Tita- A.S.T.M.| ical For Prod- 
Sooet nium | Grain | Ideal | Cg, of all For 
: Con- | Size eg bo Ex. Total 
| — | Inches Grain | SePt bs no 
| | Size | Tita- 








A. Samples Quenched from 2200°F. 





} 
oy 2.15 lis 1.750| 1.23 





2 0.055 2 
3 0.360 5 2.28 /0.241 1.537, 1.40 
& | O.797 | 6 RO |S: 288' | T. 398) 2-36 


| | 





B. Samples Quenched from 1980°F. 














| | 
2 | @ eee S78 2.11 0.274/| 1.632 1.29 
3 | 0.360 6 1.87 | 0.222/| 1.416 1.32 
4 0.777 8 1.33 | 0-188 | 1.219 1.09 
' ' 








Average of C, D, and E Samples Quenched from 
1630°F. 





2 | 0.055 wi 1.48 | 0.198 1.180. 1.25 

3 |0 360 | 8.3 1.38 | 0.184/ 1.174) 1.18 

4 wy ead 8.7) 1.20 didi! ‘seal 1.07 
| 








for the hardenability factor for total 
titanium below o.3 per cent. Additional 
data to amplify it will be presented later. 
The lines drawn on the present chart could 
of course be extended to the origin, at a 
factor of unity for zero titanium. The 
correct factor to use for total titanium is 
shown by the upper part of Fig. 5 to 
depend, at least in the higher titanium 
steels, on the quenching temperature. 
Quenching from 2200°F. gives more tita- 
nium in solution in the steel and a higher 
hardenability factor then quenching from 
1630°F., except in steel containing as little 
as 0.05 per cent titanium. With titanium 
contents above about 0.35 per cent, the 
hardenability factors for total titanium 
decrease, because the formation of titanium 


carbide reduces the effective carbon 


content. 


HARDENABILIY FACTORS FOR SOLUBLE 
TITANIUM 


In these calculations both the insoluble 
titanium and the carbon combined with 
it were eliminated. The 
insoluble titanium were determined by 


soluble and 


TABLE 4.—Hardenability Factors for Solu- 
ble Titanium 





Titanium Carbon Multiplying 
Content Content Factors 
tor |Prod- 
Steel ae | uct 
eg Effec-| ~, f For 
NO. : Com-'Effec-| tive ¢ oe 
- M- |, . Al Sol- 
sae = bined) tive | Car- an uble 
. - . - a te mx- eC 
uble | uble | 7. ot re | Cenk 1 Tite 
TiC | ance Fo Tita-| nium 
Jidili os "6m 
Size | nium 


A. Samples Quenched from 2200°F. 


2 0.010 0.045 0.011 0.357 0.289 1.720 1.25 
3 0.040 0.316 0.079 0. 288 0.214 1.363 1.58 
4 0.041 0.733 0.183 0.181 0.159 1.003 1.84 
B. Samples Quenched from 1980°F. 
2 0.010 0.047 0.012 0,.3560,.209 1.602 1.32 
3 0.023 0.333 0.083 0.2840.197 1.255 1.49 
4 0.017 0.772 0.193 0.171 0.129 0.835 1.59 
C. Samples Quenched after 20 Minutes at 1630°F. 
2 0.004 0.051 0.013 0.355 0.186.4.108 I.30 
3 0.016 0.345 0.086 0, 281 0.157 1.003) 1.360 
4 0.020.0.766 0.192 0.172 0.114 0.740 1.03 
D. Samples Quenched after One Hour at 1630°F. 
2 0.007 0.048 0.012 0.356 0.194 1.155 1.31 
3 0.012 0.351 0.088 0,279 0.1560.995 1.37 
4 0.007 0.763 0.191 0.173 0.121 0.792) 1.50 


E. Samples Quenched after Three Hours at 1630°F. 


2 0.006 0.049 0.012'0.356,0.202 1.202) 1.25 
3 0.012 0.351'0.088 0.279/0..163 1.040/ 1.36 
4 0.014,0.753 0.188 0.1760.123 0.805/ 1.48 





chemical analysis of the hardenability 
test specimens, and the combined carbon 
was assumed to be one fourth of the 
insoluble titanium, neglecting the probably 
small contents of titanium nitride and 
oxide. The results of the calculations are 
set forth in Table 4 and the factors arrived 
at are plotted against the soluble titanium 
on the lower part of Fig. s. 











G Foe 
The line drawn on the lower chart of 
lig. 5 indicates the effect of titanium in 
solution on the depth of hardening, ard 
must be understood to be entire'y distinct 
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from the hardenability curves of Figs. 
I, 2, and 3 in connection with the soluble 
titanium contents reported in Table 4. In 
the low-titanium steel 2 and the vanadium 
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Fic. 5.—HARDENABILITY FACTORS FOR TOTAL AND ACID-SOLUBLE TITANIUM. 


from the simultaneous action of titanium 
in forming stable carbide and thus 
eliminating the hardening effect of part 
of the carbon in the steel. The fact that 
Kramer, Hafner and Toleman! did not 
separate these two effects probably ac- 
counts for their widely different conclusion 
regarding the effect of soluble titanium 
on hardenability. The amount of carbon 
removed by titanium from effective action 
in hardening the steel is roughly propor- 
tional to the amount of titanium present, 


a 


but is not generally of much practical 


importance with less than about o.2 
per cent titanium. 
Some interesting indications of the 


effect of soluble titanium can be derived 





steel 5, the curves for the 2200°F. and 
1980°F. quenches are practically coinci- 
dent, showing distinctly greater hard- 
enability than with quenching from 1630°F. 
In the higher titanium steels 3 and 4, the 
2200°F. quench gave the greatest hard- 
enability. This is directly in line with 
the soluble titanium contents, for in the 
low-titanium steel 2 the soluble titanium 
is higher in the A and B samples than in 
the others, while in the other titanium 
steels 3 and 4 it is only the A samples 
that are highest in soluble titanium. In 
steel 2, with insufficient insoluble titanium 
reduce the effective carbon content 
appreciably, only o.o1 per cent soluble 
titanium is required to produce a noticeably 


to 
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greater hardenability when the quenching 
temperature is high; but in steels 3 and 4 
there is enough insoluble titanium to 
make a difference in the effective carbon 
content, and the soluble titanium has to be 
considerably higher than 0.01 per cent to 
give a notable increase in hardenability. 


EFFECT OF GRAIN-COARSENING 
HEAT-TREATMENT ON ONE 
TITANIUM STEEL 


An important feature of the tests so far 
reported in this paper is that the steels 
were cooled to room temperature after 
the soaking treatment at high temperature 
designed to dissolve titanium carbide, and 
the specimens were then reheated to the 
end-quenching temperature, which in most 
instances produced a fine grain size in the 
titanium steels. When titanium steel No. 3 
was soaked at a temperature giving a 
coarse grain size, and then end-quenched 
from various lower temperatures without 
cooling and reheating, the calculated 
results for the soluble titanium hardena- 
bility factors were different from those 
reported in Table 4 and Fig. 5. Ten 
samples were treated in this way, with 
quenching from 2200° to 1500°F., and 
the ideal critical diameters were determined 
carefully by the methods described above 
and in Table 2. The grain sizes of all these 
specimens were either 3'4 or 3, and the 
soluble titanium contents varied from 
0.027 to 0.057 per cent. The factors for 
total titanium were all around unity, 
instead of what would be expected from 
Fig. 5 and the factors for soluble titanium 
came out mostly between 0.97 and 1.14. 
Thus the values given in Tables 3 and 4 and 
in Fig. 5 must be taken to apply only to 
steels that have received some grain- 
refining treatment from the high soaking 
temperature, and not to overheated and 
coarse-grained steel. 

The reason for this discrepancy is 
believed to lie in the factors for carbon 
and grain size, which were originally 


proposed by Grossmann, and apparently 
have been accepted by subsequent workers 
on this subject without checking. Possibly 
the factors for coarse grain sizes also 
include some allowance for other elements 
dissolved in the coarse grains at high 
temperatures. The accuracy of the present 
work on titanium is wholly dependent on 
whether the hardenability factors for all 


_the other elements, taken from the litera- 


ture, are correct or not. A comparatively 
slight change in the curves used to get 
the grain-size factors would make very 
important differences in the calculated 
factors for titanium. 

The low factors found for soluble tita- 
nium in coarse-grained steel may help to 
explain how Kramer, Hafner, and Tole- 
man! found these factors to be less than 
unity. Without any allowance for the 
carbon made ineffective by combination 
with the insoluble titanium, most of the 
factors found in our work for soluble 
titanium between 0.027 and 0.057 in the 
coarse-grained specimens would be between 
0.87 and one, as was reported by them. 
The correction for insoluble carbon is 
believed, however, to be an important 
one, so that undoubtedly there is some 
increase in hardenability produced by 
titanium in solution, although in coarse- 
grained samples it may be hidden, as far 
as the multiplying factors are concerned, 
in the factors now generally accepted for 
coarse grain size. 


ADDITIONAL DATA ON ToTAL TITANIUM 
IN OTHER STEELS 


End-quench hardenability tests were 
made in the way described in the foregoing 
pages, on two series of laboratory-melted 
titanium steels, in order to determine the 
factors for total titanium contents between 
the values of 0.055 and 0.36 per cent as 
given on Fig. 5. The steels in one of these 
series contained over 1.6 per cent manga- 
nese with 0.24 per cent carbon, while the 
other series included steels with 0.40 per 
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cent carbon and 0.93 per cent manganese. 
The hardened specimens were examined 
microscopically to determine their grain 
sizes and “ideal critical diameters,” and 





Fig. 6 is given a composite plot of all the 
factors for total titanium, including those 
for the 1630° and 1980°F. quenches 
from Fig. 5. 
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Fic. 6.—HARDENABILITY FACTORS FOR TOTAL TITANIUM. 


complete chemical analyses were made so 
that the hardenability factors for titanium 
could be calculated. The quenching tem- 
peratures were between 1550° and 1950°F., 
and most of the samples were fine-grained. 
Jackson’s correction for the effect of the 
quenching temperature was made as before. 

The results are reported graphically 
on the upper part of Fig. 6, where the 
steels with different manganese contents 
are separated and on the lower part of 


The curve for the higher manganese 
steels on Fig. 6 is in fair agreement with 
the data presented by Crafts and Lamont,? 
which were also obtained with high- 
manganese steels. The difference between 
these data and those for the lower manga- 
nese steels support the view derived from 
experience with steel castings that titanium 
has a different effect on steels with higher 
manganese than on those with lower 
manganese. Or the difference may be 
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due merely to incorrectness of the factors 
used for elements other than titanium in 
the calculations. The curve in the lower 
part of Fig. 6 is believed to represent a 
fair average for the titanium hardenability 
factors in most forging grades of steel 
when reasonably fine-grained. With up to 
about o.1 or 0.2 per cent titanium, there 
is a marked increase in hardenability with 
increasing titanium, but above about 0.4 
to 0.6 per cent titanium in forging grades 
of steel the hardenability is drastically 
decreased because of the formation of 
titanium carbide to an extent sufficient to 
isolate an appreciable portion of the carbon 
content in a form that does not contribute 
to hardness on quenching from the usual 
heat-treating temperatures. 


METALLOGRAPHIC DETECTION OF 
INSOLUBLE TITANIUM 


Since the strength, hardness, and hard- 
enability of titanium steels have been 
found to depend on the form of occurrence 
of the titanium carbide as determined by 
the heat-treatment, and titanium carbide 
can be recognized with the microscope 
in polished sections, it might be thought 
possible to correlate the changes in 
properties, or in the proportion of soluble 
and insoluble titanium, with the metallo- 
graphic appearance of the carbide particles. 
Houdremont, Naumann and _ Schrader® 
have exhibited micrographs to illustrate 
how the finer particles of titanium carbide 
disappear from microsections at increasing 
hardening temperatures. Numerous at- 
tempts to check this in our laboratory have 
been unsuccessful, however, and it has 
been our experience that the prominence 
of the fine carbide particles in a section 
of titanium steel depends primarily on 
the character of the polished surface of the 
specimen. The situation here seems to be 
rather similar to that so well illustrated 
recently by Harrington for an aluminum- 
base alloy.’ 

The four micrographs presented as Fig. 7 


show how the carbides appear in some of 
our No. 3 titanium-steel specimens, pol- 
ished carefully and thoroughly without 
pitting. These specimens were all lightly 
etched with picral and magnified 1000 
diameters. The large angular crystals 
are believed to have separated from the 
steel before complete solidification, and 
possibly contain nitrogen as well as tita- 
nium carbide. The fine specks may have 
separated later, and may be more nearly 
pure carbide. They are less prominent 
in the water-quenched specimen, possibly 
because of the different polishing quality 
of the martensite matrix. It is evident from 
the analyses of these specimens for soluble 
and insoluble titanium that there is no 
correlation of these chemically deter- 
mined values with the number of carbide 
specks visible in the micrographs. It 
seems necessary to conclude, therefure, 
either (1) that the titanium that causes 
strengthening and hardening in steels 
heat-treated at temperatures above about 
1900°F. must occur in a submicroscopic 
form, even after the strengthening and 
hardening are lost by treatment at lower 
temperatures and the titanium is reported 
as insoluble by chemical analysis; or (2) 
that the proportion of the total titanium 
that dissolves at 2200°F. is so small that it 
cannot be appreciated metallographically in 
comparison with the large amount always 
remaining insoluble at that temperature. 


SUMMARY AND CONCLUSIONS 


The effect of titanium on the hardena- 
bility of steel evidently depends on the 
heat-treatment of the steel, on whether 
total titanium or acid-soluble titanium is 
used as the basis of calculations, and on 
the amount of titanium present relative to 
the carbon. Thus a single definite value for 
the hardenability factor cannot be given 
for titanium as has been done for other 
common alloying elements in steel, without 
careful qualification as to the correct condi- 
tions under which it may be applied. In 
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Fic. 7.—CARBIDES IN 

a. Quenched end of hardenability test speci- 
men of steel No. 3 heated 20 min. at 2200°F., 
containing 0.042 per cent soluble and 0.315 per 
cent insoluble titanium. 

c. Steel No. 3 heated 4 hr. at 2200°F. in form 
of 1.5-in. round bar, and air cooled, containing 
0.021 per cent soluble and 0.340 per cent insolu- 
ble titanium. 









> 


No. 3 TITANIUM STEEL. 
b. Air-cooled end of same specimen, con- 
taining 0.040 per cent soluble and 0.316 per cent 
insoluble titanium. 


d. Air-cooled end of hardenability test speci- 
men of steel No. 3 heated 3 hr. at 1630°F., con- 
taining 0.012 per cent soluble and 0.351 per cent 
insoluble titanium. 


All etched with 4 per cent picral and magnified 1000 diameters. 
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general, small amounts of titanium below 
0.1 per cent increase the hardenability of 
steel quite effectively, while above 0.2 
per cent titanium the effect is reduced in 
proportion to the titanium content, until, 
with sufficient titanium, steel may lose 
its hardenability completely. 

In steels of the usual forging grade, with 
about 0.20 to o.50 per cent carbon and 
heat-treated at customary temperatures, 
titanium contents up to about o.2 per cent 
increase the hardenability; the multiplying 
factor, according to Grossmann’s system 
for computing hardenability numerically, 
being equal to one plus about three times 
the total titanium content. This places 
small amounts of titanium in about the 
same class with phosphorus, chromium, 
or molybdenum for promoting hard- 
enability. Larger amounts of titanium 
decrease the hardenability, however, by 
the formation of an insoluble carbide, and 
above about 0.6 per cent total titanium 
the factors become less than unity, 
indicating a softening effect. 

With steels containing more than about 
1.4 per cent manganese, if the hardenability 
is computed with the presently accepted 
factors for manganese and other elements, 
the factor for total titanium may be 
higher than with ordinary manganese 
contents, or one plus about five times the 
titanium content, up to a maximum at 
about o.1 per cent titanium; and the 
decrease to below unity may occur with 
less than 0.6 per cent titanium, depending 
on the carbon content of the s ‘eel. 

The hardenability factors for titanium 
can be based on acid-soluble instead of 
total] titanium, provided that account is 
taken also of the fact that the insoluble 
titanium decreases hardenability by render- 
ing ineffective a propgrtional amount of 
carbon. With reasonably fine-grained steels 
of forging grade, the hardenability factor 
for soluble titanium, at least up to about 
0.02 per cent, is equal to one plus about 
33 times the soluble titanium percentage. 


This represents a stronger influence on 
hardenab‘tity than has been found for any 
other element except boron. In most steels, 
however, the decrease in hardenability due 
to the carbide-forming action is of far 
greater importance. 

Comparing the hardening characteristics 
of forging steels of about 0.37 to 0.40 
per cent carbon, moderate manganese and 
silicon, and negligible contents of other 
alloys except vanadium and titanium, 
shows some interesting relations according 
to the tests reported. Vanadium steel is 
found to have greater hardenability than 
titanium steel, and low-titanium steel 
greater than high-titanium steel, when 
hardened either at 1630°, 19%0° or 2200°F. 
When quenched from 2200°F., the depth 
of hardening compared with that of coarse- 
grained plain carbon steel is increased by 
vanadium or up to 0.36 per cent titanium, 
but decreased by 0.78 per cent titanium; 
when quenched from 1980°F. the depth of © 
hardening is increased by vanadium or 
0.055 per cent titanium, but decreased by 
0.36 per cent or more titanium, and when 
quenched from 1630°F., the depth of 
hardening is decreased by both vanadium 
and titanium. The vanadium steel was 
always coarser grained than the higher 
titanium steels, and even coarser than 
the low-titanium steel after heating to 
1980° or 2200°F. The increased hardening 
effect due to titanium is found after air 
cooling as well as quenching, but is mostly 
lost after only 20 min. at 1630°F., although 
some traces of it persist for more than an 
hour at 1630°F. This was not true of the 
vanadium steel, in which, however, some 
evidence of slight secondary hardening 
appeared with the slower rates of cooling. 
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DISCUSSION 
(1. R. Kramer presiding) 

L. D. Jarre.*—I should like to comment on 
only one point in Mr. Comstock’s paper; 
that is, to suggest a possible explanation for 
the phenomenon he found, that the effect 
of titanium upon the hardenability of fine 
grained steels is much greater than in coarse- 
grained steels. 

If we go back to the isothermal transforma 
tion diagrams, the temperature against the 
log time for fairly fine-grained plain carbon 


* Watertown Arsenal, Watertown, Massa- 
chusetts. 
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steels, the diagram is probably something 
like Fig. 8a. There is a pearlite nose and a 
bainite nose, and ordinarily on continuously 
cooling the pearlite nose is what is encountered. 
It seems probable, from what we know of the 
other carbide-forming elements, that titanium 
has a much greater effect upon the pearlite 
nose than upon the bainite. So in a fine-grained 
steel additions of titanium would move this 
curve back considerably. If we move the 
pearlite curve back as in Fig. 86, by additions 
of titanium, there would be a marked effect 
in the measured hardenability. 

However, in a coarse-grained steel the 
pearlite curve is farther to the right to start 
with, whereas the bainite curve is about in 
the same position (Fig. 9a). In such a steel, 
additions of titanium that presumably would 
move the pearlite curve over to the right 
(Fig. 9b) would have little effect upon the 
measured hardenability, because in continuous 
cooling what would be hit would not be the 
pearlite curve but the bainite curve. Therefore, 
in such steels the apparent effect of titanium 
would be much less than in fine-grained steels, 
presuming they are basically plain carbon steels. 

In other words, the phenomenon can be 
explained simply as a case of pearlitic harden- 
ability or bainitic hardenability being measured 
in the two separate experiments. 


G. DeVries.*—The author made use of the 
curve shown by Jackson and Christenson in 
correcting the results to eliminate the influence 
of the quenching temperature in Jominy bars. 
In the discussion of the paper by Jackson and 
Christenson, it was pointed out that these 
correction factors become less with increase in 
distance from the quenched end of the bar. 

In a test of the effect of quenching tem- 
perature, Jominy specimens. were prepared 
by the writer from initially normalized bars 
of a steel containing 0.45 per cent carbon and 
1.6 per cent manganese. Two specimens were 
heated at 1900°F. preparatory to quenching 
in a Jominy fixture in accordance with the 
recommended practice of the American Society 
for Testing Materials. One specimen was 
quenched directly from 1900°F. whereas the 
other specimen was transferred to a furnace 
at 1425°F., held for 30 min., and then quenched 


” National Bureau of Standards, Washing- 
ton, D. C. 
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in the fixture. The hardenability curves of 
the two specimens were alike, thus indicating 
that this variation in quenching temperature 
had no effect on the hardenability of the steel. 
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THE HARDENABILITY OF STEEL 


titanium steels. According to most of these 
diagrams that have been reported—as, for 
instance, in the Atlas of Isothermal Trans 
formation Diagrams published in 1943 by the 
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Fig. 9, coarse-grained steels. 
Fics. 8 AND 9.—SCHEMATIC TRANSFORMATION DIAGRAMS. 


The point on the Jominy bars corresponding 
to a hardness of Rockwell C-40 (half-hard) 
was located approximately 1'4 in. from the 
quenched end, signifying that the correction 
factor was unity at !4 in. from the quenched 
end for this particular steel. 

The hardenability of this steel was somewhat 
greater than that of the steels used by the 
author. Since the latter steels are relatively 
shallow hardening, the correction factors 
as used should be correct. However, the writer 
wishes to point out that in the use of such 
correction factors, consideration should be 
given to the distance from the quenched end. 


G. F. Comstock (author’s reply).—Mr. 
Jaffe has offered an interesting explanation 
for some of the results reported in the paper, 
which seems reasonable except for the assump- 
tion that there is a so-called “bainite nose” 
in the transformation diagrams of these 





b WITH TITANIUM 


U.S. Steel Corporation Research Laboratory 
this form of curve is found only in the alloy 
steels, especially molybdenum. Unfortunately, 
we do not have definite data as to whether it 
was actually bainite that limited the harden 
ability of the coarse-grained titanium steels 
Although this seems quite unlikely to the 
author, it must be admitted that Mr. Jaffe’s 
hypothesis is an interesting one and may be at 
least partially correct. 

Mr. DeVries has presented a valuable record 
of a test indicating that under certain condi 
tions the correction for quenching tempera- 
ture worked out by Jackson and Christenson, 
largely by theoretical reasoning, does not 
actually apply in practice. The author also 
has encountered instances where ‘this cor 
rection did not seem to be needed, and evi 
dently it should be applied only with con 
siderable caution. A more complete study of 
ths subject would seem to be desirable. 
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The Symposium on Hot-working was 
held on Friday, October 26, 1945, at the 
Hotel Pennsylvania, New York, as part of 
the fall meeting of the Iron and Steel 
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A Laboratory Evaluation of the Hot-working Characteristics 
of Metals 


By C. L. CLarK, MemBerR A.I.M.E., anp J. J: Russ* 
(New York Meeting, October 1945) 


Fork many years attempts have been 
made to develop a laboratory test that 
would serve to indicate the proper temper- 
atures to be used in the various hot-work- 
ing applications to which metals may be 
subjected as they are being processed from 
the cast ingot to the desired finished 
products. Fhat these attempts have not 
been very successful is indicated by the 
fact that most of the temperatures in use 
today in these operations have been devel- 
oped over a period of years by trial and 
error. In other words, the selection of the 
proper temperatures for the hot-working 
of metals is generally an art rather than a 
science. 

Our knowledge with respect to the 
behavior of metals at elevated tempera- 
tures has been greatly extended during 
the past several years. While most of the 
work in this field has been done at 
proposed operating temperatures of equip- 
ment, rather than at processing or fabricat- 
ing temperatures, one outstanding fact 
has been developed, which is applicable 
to the entire high-temperature range; that 
is, that the rate of deformation to which 
the metal is subjected is of the same order 
of importance as the temperature. The 
failure to properly recognize this fact has 
greatly retarded the development of a 
suitable laboratory test for determining 
hot-working temperatures. 

Manuscript received at the office of the 
Institute Nov. 16, 1944. Listed for New York 
Meeting, February 1945, which was canceled. 
Issued as T.P. 1839 in METALS TECHNOLOGY, 
December 1945. 

* Metallurgical Department, Steel and Tube 


Division, Timken Roller Bearing Co., Canton, 
Ohio. 


INFLUENCE OF RATE OF DEFORMATION 
ON HIGH-TEMPERATURE PROPERTIES 


It is not the intent of this paper to survey 
all the work that has been done on the 
effect of deformation rate on the proper- 
ties of metals. The importance of this 
factor, however, was shown by Zay 
Jeffries! as early as 1919, when he called 
attention to the existence of the so-called 
equicohesive temperature and to the 
effect of certain factors on the location 
of this temperature. 

Fig. 1 is a diagrammatic sketch showing 
the effect of temperature on the relative 
strength of the crystals and grain bound- 
aries and the type of fracture that will 
result, depending on the location of the 
test, or working temperature with respect 
to the equicohesive temperature. Since 
the type fracture varies, it also follows 
that at temperatures below the equico- 
hesive temperature the major deformation 
occurs in the grains; while at temperatures 
above, the deformation results either 
from the movement of the grains with 
respect to each other or recrystallization 
of the strained material occurs almost 
instantaneously, producing new crystals 
at the fracture. 

As previously indicated, it is an estab- 
lished fact that the position of this equi- 
cohesive temperature for any given metal 
is dependent on the deformation rate. For 
example, in 0.15 per cent plain carbon 
steel the location of this temperature under 


1 References are at the end of the paper. 
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the rates of deformation encountered in 
creep tests (of the order of 1 per cent per 
10,000 Or 100,000 hr.) is less than 800°F., 
while in the rupture tests and for fracture 
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THe Hot Twist TEst 
The hot twist test?-* is an ideal pro- 


cedure for determining proper tempera- 
tures for hot processing and fabrication 
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Fic. 1.—EFFECT OF TEMPERATURE ON FRACTURE OF METALS. 


times of 1ooo hr. or greater, it is about 
goo°F. On the other hand, under the rates 
of deformation usually employed in tensile 
tests, this temperature is of the order of 
1500°F. 

Since the rates of deformation usually 
encountered in hot processing operations 
are greater than those of the tensile test, it 
follows that the equicohesive temperature 
for this carbon steel under these conditions 
would be considerably in excess of 1500°F. 
Likewise, because the characteristics vary, 
depending on whether the processing 
temperature is above or below this equi- 
cohesive temperature, it also follows that 
any test for evaluating processing tempera- 
tures will have to be capable of employing 
rates of deformation at least comparable 
to those to be encountered commercially. 


because: (1) the equipment involved is 
simple and inexpensive, (2) the test requires 
very little time, (3) the rate of deformation 
during the test can be readily varied over a 
very wide range, and (4) it is a torsion test 
and thus the predominating stresses are 
in shear. 

A photograph of the equipment in use 
in our laboratories for this test is shown in 
Fig. 2. It consists essentially of a furnace 
for heating and maintaining the specimen 
at the given temperature, a variable-speed 
motor for turning the specimen at the 
desired rate, a chuck mounted in a bearing 
to which the torque arm is attached and a 
platform scales for measuring the force 
produced during the twisting of the 
specimen. 
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The specimen is placed in the apparatus 
and fastened in the chuck of the variable- 
speed motor. The specimen is rotated at 
slow speed while it is being heated to and 


ta a mn 


FIG. 2.—HOT-TWIST TESTING APPARATUS. 


held at the desired temperature and after 
I5 min. at temperature the motor is 
stopped, the other chuck tightened and the 
motor restarted at the desired rate of 
speed. A counter, which automatically 
starts and stops at the beginning and end 
of the test, gives the number of revolutions 
required for fracture while the force 
exerted on the scale is read and recorded. 
The seale reading, multiplied by the length 
of the lever arm, gives the torque, expressed 
in inch-pounds. 

Work has been done on different sizes 
of specimens and with the steel in various 
conditions of initial heat-treatment. For 
convenience, however, the specimen size 
has been standardized at 5¢ in. round with 
the material in the hot-rolled condition 
since, at temperatures of 1800° to 2500°F. 
the initial heat-treatment has little, if 
any, influence on the results obtained. 

In each case the number of twists re- 
quired for fracture increases as the temper- 
ature is raised, until a critical temperature 
is reached after which the number of 
twists decreases. There are, however, as 
shown in Fig. 3, differences between steels 





‘in: (1) the number of twists required for 


fracture at a given temperature, (2) the 
rate at which the number of required 
twists increases with temperature, (3) the 


temperature at which the number of twists 
reaches a maximum, and (4) the rate of 
decrease in the number of required twists 
after the critical temperature is passed. 
The steel represented by curve A in 
Fig. 3 would be the most foolproof in 
hot-working operations, for it requires a 
large number of twists for fracture at 
each temperature and the required number 
of twists decreases slowly as the tempera- 
ture of maximum twist is exceeded. On the 
other hand, the material represented by 
curve E would be the most difficult to 
work, and that represented by curve C 
would be very sensitive to overheating. 


REsvutts oF Hot Twist TESTS 
ON TYPICAL STEELS 


Representative results obtained from the 
hot twist tests on various steels are given 
in Figs. 4 to 8, inclusive, while the composi- 
tion of these steels is given in Table 1. 
In addition to the torque and twist 
characteristics, the ratio of the twist to 
the torque is also included. While this ratio 
may have no definite physical significance, 
other than the average force required per 
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unit twist, it does appear, as will be 
discussed later, to offer a convenient 
means for evaluating the hot-workability 
of a steel. In other words, this ratio 


temperature at which the maximum num- 
ber of twists occurs. In torque characteris- 
tics, the lowest carbon steel possesses the 
maximum values and the highest carbon 
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Fic. 3.—TYPICAL CURVES OBTAINED FROM HOT TWIST TESTS. 


involves both strength (torque) and ductil- 
ity (number of twists to fracture), both of 
which are important in certain processes. 
Fig. 4, presenting the results on four 
carbon steels with the carbon content 
varying 0.065 to 1.02 per cent, indicates all 
of these steels to possess satisfactory hot- 
workability, although, as would be ex- 
pected, differences exist between them. 
With the exception of the lowest carbon 
steel, the number of twists for fracture 
decreases at each temperature with in- 
creasing carbon content, as does the 


steel the minimum. However, the differ- 
ences are not as pronounced as with the 
twist curves. 

Similar results for a series of construc- 
tional alloy steels containing 0.10 to 0.20 
per cent carbon are given in Fig. 5 and for 
the same type of steels with about 0.40 per 
cent carbon in Fig. 6. In both cases a 
rather wide spread exists in the torque and 
twist characteristics, thus indicating that 
the alloy content of a given steel, as well as 
its carbon content, influences the apparent 
hot-working characteristics. For example, 
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with neither series of steels is the tempera- 
ture of maximum twist solely a function of 
carbon content, for with the 0.10 to 0.20 
per cent carbon-bearing steels the range in 
this temperature is from 2300° to 2400°F. 
and with the o.40 per cent carbon steels 
from 2250° to 2450°F. plus. 


about 30 to 300. Likewise, appreciable 
differences exist in the torque characteris- 
tics with the plain carbon steel having the 
lowest strength and the graphitic steels 
the highest values. 

The hot-twist characteristics of various 
grades of the austenitic stainless steels 


TABLE 1.—Chemical Composition of Steels Subjected to Hot Twist Test 






































Per CENT 
Steel " a 
Designation Cc Mn P Ss Si Cr Ni Mo Others 
Plain Carbon Steels (Figure 4) 
0.065 C 0.065 0.17 0.013 0.014 0.14 0.09 0.19 0.04 
0.16 C 0.16 0.46 0.013 0.017 0.27 0.07 0.09 0.03 
0.39 C 0.39 0.86 0.019 0.023 0.22 0.09 0.17 0.02 
1.02 C 1.02 0.31 0.015 0.018 0.35 0.30 0.09 0.03 
0.10 to 0.20 C Alloy Steels (Figure 5) 
1015 0.16 0.46 0.013 0.017 0.27 0.07 0.09 0.03 
2512 0.10 0.56 0.018 0.020 0.28 0.15 5.01 0.05 
3312 0.08 0.35 0.015 0.016 0.29 1.28 3.60 0.06 
4320 0.19 0.56 0.017 0.018 0.31 0.58 1.84 0.27 
4615 0.14 0.62 0.022 0.021 0.30 0.15 I:73 0.25 
5120 0.19 0.88 0.017 0.019 0.26 0.83 0.19 0.03 
6120 0.19 0.81 0.023 0.026 0.26 7 084 0.26 0.07 (o.11 V) 
0.40 C Alloy Steels (Figure 6) 
1040 0.39 0.86 0.019 0.023 0.22 0.09 0.17 0.02 
2340 0.42 0.78 0.019 0.020 0.31 0.15 3.41 0.04 
3240 0.43 0.62 0.017 0.022 0.28 1.20 1.67 0.05 
4140 0.39 0.86 0.017 0.016 0.26 1.00 0.14 0.15 
4340 0.39 0.71 0.019 0.021 0.31 0.68 1.75 0.34 
4640 0.39 0.69 0.017 0.016 0.28 0.25 1.74 0.24 
5140 0.38 0.77 0.018 0.022 0.23 1.04 0.27 0.06 
8740 0.41 0.79 0.018 0.022 0.26 0.56 0.60 0.24 
Nitralloy 0.39 0.58 0.016 0.016 0.31 1.56 0.24 0.35 (1.01 Al) 
High-carbon Steels (Figure 7) 
10105 1.02 0.31 0.015 0.018 0.35 0.30 0.09 0.03 
52100 1.03 0.44 0.014 0.012 0.32 1.37 0.12 0.03 
62125 1.21 0.61 0.016 0.015 0.30 1.81 0.13 0.03 (o.15 V) 
Mo 1.49 0.40 0.014 0.017 0.72 0.12 0.17 0.25 
Sil. 1.49 0.45 0.019 0.016 0.95 0.16 0.18 0.03 
Tun 1.45 0.37 0.023 0.015 0.66 0.09 0.13 0.54 (3.03 W) 
MN 1.47 1.30 0.011 0.017 1.54 0.50 1.76 0.46 
Austenitic Stainless Steels (Figure 8) 
16-$(204} 0.05 0.52 0.006 0.012 0.52 17.78 9.60 
18-8(303) 0.12 0.94 0.022 0.239 0.35 18.08 8.85 0.24 
18-12 + Ti 0.06 1.33 0.021 0.013 0.28 17.41 10.03 0.06 (0.43 Ti) 
18-12 + Cb 0.07 1.75 0.010 0.017 0.68 18.85 12.87 (0.82 Cb) 
25-12 0.06 1.55 0.011 0.017 0.42 24.96 13.40 0.01 
25-20 O.1I1 0.58 0.013 0.017 0.75 23.60 20.65 0.03 
































Alloy content is of even greater impor- 
tance on the apparent hot-workability of 
steels containing 1.0 per cent or more 
carbon, as shown in Fig. 7. With these 
steels the temperature of maximum twist 
ranges from 1875° to 2200°F. while the 
maximum number of twists varies from 


are given in Fig. 8, and again marked differ- 
ences exist in the apparent hot-workability. 
The temperature of maximum twist varies 
from 2250° to 2450°F. plus while the 
maximum number of twists ranges from 
25 to 142. It is worthy of note that the 
addition of stabilizing elements, such as 
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EVALUATION 


columbium or titanium, and free-machining 
additions, such as sulphur, selenium, or 
phosphorus, decreases both the tempera- 
ture of maximum twist and the number of 
twists at this temperature. Likewise, in- 
creasing the chromium and nickel content, 
as in 25-20 and 25-12, lowers the number of 
twists to fracture. 


INTERPRETATION OF Twist TEST RESULTS 


From the preceding figures it is apparent 
that for each steel the number of twists 
for fracture increases with temperature up 
to a certain point and then decreases as 
the temperature is further raised. In other 
words, each steel possesses a critical 
temperature as far as its ductility (as 
measured by the twists to fracture) is 
concerned. The question then arises as to 
the cause of this critical temperature and 
its possible relationship, if any, to proper 
maximum processing temperatures. 

Twists to Fracture —Metallographic ex- 
amination of the fractured twist specimens 
reveals the cause of this decrease in the 
required number of twists after a certdin 
temperature is reached as well as for a 
correlation existing between this tempera- 
ture and the hot-working characteristics. 
As this temperature is exceeded, the nature 
of failure changes in that intergranular 
cracking appears, even in sections removed 
from the actual fracture. The degree of this 
intergranular cracking increases the higher 
the testing temperature, and this accounts 
for the resultant decrease in the number of 
twists. In other words, referring to Fig. 1, 
for the rate of deformation involved in 
the twist test, the temperature of maximum 
twists is the equicohesive temperature for 
the particular steel. 

The appearance of this intergranular 
cracking at temperatures in excess of the 
critical temperature also explains the cause 
of certain defects in metals when processed 
at too high a temperature. At these 
temperatures, and for the given rate of 
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application of stress, the strength of the 
grain boundaries is decreased to such an 
extent that intergranular cracking will 
occur if the deformation exceeds that 
which the metal is capable of withstanding. 
Burning of steel has often been considered 
the cause of this cracking even though 
oxides are not present in the grain bound- 
aries. While burning of steel is possible 
and the path of fracture in such cases is 
intergranular, distinction should be made 
between steel that has been burned and 
that which has been processed at too high a 
temperature. In the first case, the damage 
occurs during the heating cycle and the 
steel is permanently damaged, while the 
defects due to processing at too high a 
temperature occur during the processing 
operation, although of course the heating 
has established the conditions for making 
those defects possible. 

Summarizing, it is believed that the 
temperature of maximum twist represents 
the maximum temperature that can safely 
be used in all hot processing operations. 
This does not necessarily imply, however, 
that higher temperatures cannot be used 
with certain steels if the processing is such 
that little deformation results. For exam- 
ple, from Fig. 3, a steel represented by 
curve A could be worked at very high 
temperatures provided the amount of 
deformation in the working operation 
could be controlled within the necessary 
limits. On the other hand, steels repre- 
sented by curves B, C and E would be 
much more susceptible to overheating. 

Torque.—While, as previously indicated, 
the number of twists to fracture is a 
measure of the hot ductility, and also an 
indication of the temperature that should 
not be exceeded in processing, the torque 
represents the strength of the metal. For 
many hot processing operations these 
torque values are believed to be of great 
importance for, comparatively at least, 
they are a measure of the force required to 
displace the metal at the various tempera- 
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tures and also an indication of possible 
temperature build-up. 

For example, in the piercing of seamless 
tubes the major part of the work is done 
at the center of the billet and a large part 
of this work is transformed to heat. As is 
well known, a temperature rise occurs in 
the interior of the billet during the piercing 
operation and the torque value is believed 
to be a good indication of the temperature 
rise to be expected in the different steels. 
In general, austenitic stainless steels possess 
a greater torque at their respective piercing 
temperatures than do the constructional 
alloys; also the temperature rise during 
piercing is greater in these austenitic 
steels. When it is definitely shown by the 
twist results that the torque value is high, 
the temperature rise can, and has been, 
controlled by variations in the rate of 
piercing. 

Twist-torque Ratio —While the number 
of twists required for fracture divided by 
the torque may have no greater meaning 
or significance than the ratio of the ductil- 
ity as determined in the tensile test to the 
tensile strength, it has been found in certain 
of our own work to serve as a good indica- 
tion of the material’s ability to be processed 
by certain operations. 

Our correlation would indicate the hot- 
workability to be improved as this ratio 
is increased, and when it falls below a 
certain minimum value the material can 
not meet severe hot-working requirements, 
such as are encountered in the piercing of 
seamless tubes. Furthermore, the magni- 
tude of this ratio may also serve as a con- 
venient guide in the selection of the proper 
piercing speeds. As more data are accumu- 
lated, it is hoped that this ratio may also 
be useful in determining the minimum 
temperature of that can be 
employed in the different hot-working 
processes. If this hope is fulfilled, laboratory 
tests can serve as a guide for the complete 
temperature range of ‘hot-workability. 


working 
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APPLICATION OF Hot-twist DATA 


In the application of the results from 
the hot twist test, consideration must, of 
course, be given to the particular type of 
hot-working process involved. If the metal 
is to be forged and the section size is such 
that the heat losses are small, it is believed 
that the maximum temperature of forging 
should be about 50°F. below the temper- 
ature of maximum twist, especially if 
considerable deformation is involved. Of 
course, if the deformation is small and 
can be controlled, and if the steel possesses 
a hot-twist curve similar to curve A of Fig. 
3, temperatures in excess of the tempera- 
ture of maximum twist can be employed. 

If an appreciable heat loss occurs from 
the time of heating until the forging opera- 
tion, the steel can be heated to higher 
temperatures than those indicated by the 
twist curves, for these temperatures do 
apply to the metal at the time of processing. 
The extent to which this overheating can 
be done safely is, however, again a function 
of the shape of the twist curve, especially 
after the temperature of maximum twist 
has been passed. 

In certain operations, such as the piercing 
of seamless tubes, the temperature rises 
during processing and in such cases the 
temperature should be adjusted so that 
after the temperature rise the maximum 
temperature does not exceed the tempera- 
ture of maximum twist. As previously 
indicated the torque values are of impor- 
tance in estimating the temperature rise 
to be expected and if these appear to be 
excessive then alteration can be made in 
the piercing mill to decrease the magnitude 
of this temperature rise. If the twist to 
torque ratio is high at temperatures in 
excess of the temperature of maximum twist 
there are indications that this critical] 
temperature may be exceeded without 
harmful effects but it is believed safer 
practice to keep the maximum temperature 
below this value. 
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LIMITATIONS OF THE Hot Twist TESTS 


While the hot twist test is believed to 
be a very suitable laboratory means for 
evaluating the hot-workability of metals, 
it does, as is true of all test procedures, have 
certain limitations. In reality, however, 
certain of these limitations are a function 
of the material being tested rather than 
of the test itself. 

For example, while excellent agreement 
has always been obtained in the results for 
multiple tests on specimens taken from 
bars of a given heat, variation in results 
may occur with different heats of the same 
analysis, and these differences appear to 
be more pronounced the higher the total 
alloy content of the steel. The magnitude 
of these differences depends on the shape 
of the twist curve for a given steel, tending 
to be greater the more rapidly the curve 
approaches and departs from the tempera- 
ture of maximum twist. These possible 
variations from heat to heat are certainly 
caused by the steel and not by the test. 

Another limitation of this procedure of 
evaluation results from the fact that most 
of the tests to date have been conducted 
on rolled or forged bars. There is still a 
question as to whether or not the hot-twist 
characteristics of a steel when in this condi- 
tion will be similar to those of the same 
steel when in the cast ingot form. Since, in 
steel processing at least, all hot-working 
originally starts on the ingot, it would be 
advantageous to have the twist test results 
applicable to the ingot. This matter of 
the comparative twist characteristics of 


rolled versus cast structures is worthy of 
investigation. 


CONCLUSIONS 


Even admitting that under present-day 
melting-practice procedures it is impossible 
always to obtain exact agreement on the 
hot-twist characteristics from different 
heats of the same analysis, it is still 
believed that the twist test is of great value 
in providing rapid and inexpensive means 
for the selection of the most suitable tem- 
peratures for the various hot-processing 
operations. In time, it is hoped the results 
from this test will serve to place the selec- 
tion of these temperatures on a scientific, 
rather than trial and error, basis. 

Most of the variations from heat to heat 
observed to date have been of a low order 
of magnitude and in most cases this vari- 
able can be eliminated by using, as a 
maximum hot-working temperature, one 
50°F. below the temperature of maximum 
twist. 
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The Effect of Various Elements on the Hot-workability of Steel 


By Harry K. Inric,* MemsBer A.I.M.E. 


(New York Meeting, October 1945) 


THE hot-working of iron and steel is an 
art dating back to antiquity, but until 
about 25 years ago, relatively few alloying 
elements were used, and these were present 
only in small percentages. With the ex- 
ception of sulphur, the amounts of other 
elements in steels did not markedly affect 
their hot-workability. The references in the 
literature on the effect of other elements 
on the hot-workability of steel are usually 
reports of failure of these steels in forging 
or rolling.'~® 

With the increased use of alloying 
elements, and their use in larger amounts, 
it was observed that many of the new steels 
were red short in certain critical ranges or 
at all hot-working temperatures. The stain- 
less steels are particularly difficult to 
hot-work. The determining of the correct 
conditions for piercing, rolling and forging 
of these alloys by experimentation in the 
mill often results in large losses of these 
expensive metals. It also is found that the 
hot-workability limits of many types vary 
from heat to heat, and hence poor results 
are obtained on changing to a new heat 
after a previous one has rolled satisfactorily. 
To determine the effect on hot-workability 
of iron to which various elements have been 
added, it was necessary to devise a method 
that could be used on small quantities of 
metal. In such a method, the minimum 
number of variables should be present, and 

Manuscript received at the office of the 
Institute Dec. 15, 1944. Issued as T.P. 1932 in 
METALS TECHNOLOGY, October 1945. 

* Director of Laboratories, Globe 


Tubes Co., Milwaukee, Wisconsin. 
1 References are at the end of paper. 
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the procedure should be simple, quick and 
correlatable with large-scale hot-working ~ 
operations. 

Sauveur,’ in the first Henry Marion 
Howe lecture in 1924, described the effect 
of carbon on the ductility of steels in 
torsion near their critical points. He found 
that carbon increases the plasticity of 
gamma iron. In the 1930 Campbell 
Memorial lecture,!® he gives the effect of 
carbon, chromium, and chromium and 
nickel on the ductility of steels under 
2000°F. in torsion. Ellis! has studied the 
malleability of steels at various elevated 
temperatures by means of a single-blow 
drop-hammer test. In this test the per- 
centage decrease in height of standard 
cylinders is taken as a measure of their 
malleability. He has shown that in the low- 
alloy steels studied, carbon has a greater 
effect than nickel, chromium and vanadium. 

In 1938 the first tests were run on a new 
quantitative hot-workability test in the 
laboratories of the Globe Steel Tubes Co. 
Thum! mentioned it in 1940. An illus- 
tration of the apparatus was published in 
January 1942.!* The effect of a few alloying 
elements on the hot-workability of metals 
was shown in a description of the test in 
1944.14 


DESCRIPTION OF TEST METHOD 


The method adopted after a trial of 
several others is a rapid twisting of bars 
to failure in a furnace. The standard-size 
bar was chosen as %g¢ in. It is prepared 
from larger pieces by forging and cold- 
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drawing to size. A light, centerless grind 
may be given the finished bars to remove 
surface imperfections. 

Fig. 1 is a diagram of the apparatus. 
A is the bar inserted in the furnace B. 
One end is clamped in the chuck C and the 
other end is held in the heavy dog D. 
Thus the bar is free to expand through the 
bearing E, but is kept from rotating on 
that end while the other is rotated by the 
chuck. When the torque is applied, the dog 
makes contact with the stop F and ener- 
gizes the electrical counter G, which records 
the number of revolutions made by the 
chuck by means of the contact at H. 
When the bar breaks inside the furnace, 
the dog drops away from and breaks 
contact with the counter circuit, and an 
accurate count of the number of twists to 
failure of the bar under test is recorded. 

The bar is soaked at the test temperature 
for 30 min. The furnace temperature is 
controlled by a regulator and measured by 
a pyrometer. The furnace is mounted on a 
carriage, which may be moved back from 
the chuck to facilitate easy removal of the 
broken specimens. The chuck operates at 
128 r.p.m. Thus the bar, after accurate 
heating, is rapidly and uniformly worked 
by twisting until failure occurs. It is held 
at temperature in the furnace while being 
twisted and actually rises slightly in 
temperature from the working during the 
test. By running a series of tests on the 
same heat at different temperatures, 
curves can be drawn to show the tempera- 
ture that gives the maximum number of 
turns and the type of curve for any 
particular heat. By correlation of these 
results with mill operations, it is possible to 
predict whether or not a heat of steel will 
survive various hot-working operations 
such as forging, rolling and piercing, and 
what temperature will give the best results. 

Table 1 shows the number of turns to 
failure of a low-carbon steel heated from 
room temperature to 2450°F. in 50°F. 
intervals. Below 750°F., the bars twisted 


outside the furnace as well as inside. 
At 450°F. and 650°F., the bars broke 
outside the furnace. Above 2150°F. the 
ductility rose rapidly. The results of the 
test on a single heat are very reproducible. 
Four test samples of a type 304 (18 Cr, 
8 Ni) heat were run at each hundred 
degrees from 2000° to 2400°F. The greatest 
difference in the 20 samples tested was six 
turns. The same reproducibility does not 
apply between different heats of the same 
class of steels. In Fig. 2 the maximum 
number of twists for six heats of low-carbon 
steel in the range from 2100° through 
2400°F. varies from 209 to 315. However, 
all heats of this analysis shown have more 
than sufficient ductility to hot-work well, 
and the general shapes of the curves are 
similar. 


TABLE 1.—Effect of Temperature on the 
Hot-workability of 0.16 per cent 
Carbon Steel 
Analysis of Steel: C, 0.16 per cent; Mn, 0.73; 
S, 0.023; P, 0.014; Si, 0.02. 








Tem- Tem- Tem- 

Num- Num- Num- 
pera- | ber of | P&T | ber of | P&T | ber of 
Cure, Turns |" | Turns ture. | Turns 

Deg. F. Deg. F. Deg. F. 

100 29 950 7 1800 85 
150 22 1000 6 1850 90 
200 24 1050 8 1900 104 
250 21 1100 9 1950 112 
300 28 1150 12 2000 123 
350 26 1200 22 2050 124 
400 28 1250 33 2100 132 
450 31 1300 35 2150 137 
500 18 1350 48 2200 176 
550 17 1400 51 2250 178 
600 17 1450 43 2300 182 
650 23 1500 35 2350 248 
700 10 1550 55 2400 314 
750 12 1600 63 2450 333 
800 9 1650 72 

850 12 1700 77 

900 9 1750 74 




















A marked difference in hot-workability 
is found between heats in some of the high- 
alloy steels. Fig. 3 shows the tests on eight 
heats of type 304 (18 Cr, 8 Ni) stainless 
steels. The maximum number of turns in 
the range from 2100° through 2400°F. 
varies from 22 to 143 between the heats. 
The temperature showing the maximum 
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number of turns varies from 2150° to 
2450°F. This difference in hot-workability 
between heats is even more pronounced in 
the curves of Fig. 4 for type 321 (18 Cr, 
8 Ni, Ti) steels. The shapes of the curves 
are quite different, and the temperatures 
of maximum hot-ductility vary from 
2050°F. for heat 5X7464 to 2450°F. for 
heat 629611. The other heats fall between 
these limiting temperatures. 

Clark'® has concluded that the maximum 
forging temperature can be determined 
from the curves of single heats of various 
types of steel. It is obvious that such 
maximums taken from the heats shown 
in Figs. 3 and 4 would not be applicable 
to each other. Therefore it is believed that 
the best temperature for working steels 
that have critical hot-workability must be 
determined on each heat. This method has 
been used successfully for the past seven 
years in the mill of Globe Steel Tubes Co. 
for determining the best piercing tempera- 
tures for a wide variety of alloy steels. 

The following results show the effect of 
various elements on the hot-workability 
in about 200 heats of steels and except for 
heats 363, IL-2720, B-157, B-155, B-156, 
N-r110, C-17099, I-1968, and I-1969, were 
taken from over 7000 tests of regular 
commercial heats used for the manu- 
facture of seamless tubing. 


EFFECT OF DEOXIDATION AND VARIOUS 
ELEMENTS ON THE HOT-wWoRKA- 
BILITY OF STEELS 


Bars were forged and drawn from many 
steels with varying amounts of a number of 
elements. These were tested by the method 
described above. The effects of the indi- 
vidual elements are described in the follow- 
ing pages. 


Deoxidation 


Although no direct determinations of 
the oxygen contents of the samples tested 
were made, several carbon steels made with 
different deoxidation practices are shown 


in Fig. 5. The two heats lowest in carbon 
are ingot irons; the lower is a rimmed 
heat and the other is aluminum killed. 
All of the heats show good hot-worka- 
bility and similar curves except the ingot 
iron lowest in carbon content. This heat is 
very low in manganese, and it is believed 
that the reduction in hot-workability is 
caused by insufficient manganese to form 
manganese sulphide with the sulphur in 
this iron. Apparently deoxidation practice 
itself does not materially affect the hot- 
workability of low-carbon steels. 


Carbon 


Because carbon is the most important 
element in steels, a detailed study of the 
hot-workability of steels of different carbon 
content, both alone and in combination 
with other elements, was made. Table 2 
shows the tests of killed open-hearth 
straight carbon steels containing from 
0.04 to 1.04 per cent carbon. Under about 
0.25 per cent carbon, the maximum 
ductility rises with increasing temperatures. 
The steels higher in carbon have their 
maximum ductilities at 2350°F. or lower, 
and as the carbon increases the ductility 
falls off rapidly with increase in tempera- 
ture. The high-carbon steel samples, broken 
at above 2400°F., show evidence of molten 
interiors with a shell on the outside. 
Ellis! found similar conditions in samples 
forged at high temperatures. 

In the straight chromium stainless 
steels, the hot-workability decreases with 
higher carbon content. Fig. 6 shows this 
effect in types 410, 420. 442 and 443 
steels, and Fig. 7 shows the effect in type 
446 steels. The low nitrogen of heat 
620225 with 0.10 per cent carbon probably 
accounts for its better hot-ductility than 
the 0.059 per cent and the 0.08 per cent 
carbon heats shown. 

In the nickel-chromium stainless steels 
shown in Fig. 8, the low-carbon steels 
show poorer hot-workability than the 
ones containing 0.07 and 0.08 per cent 
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carbon. In the lower carbon heats, delta 
iron is formed, which markedly affects 
hot-workability. 


Manganese 


Manganese is necessary in steels to 
counteract the red-short effect of sulphur. 
Fig. 9 gives curves for steels containing 
from 0.005 to 12.88 per cent manganese. 
There are two ingot irons. The one with 
0.26 per cent manganese has a sufficient 
amount to counteract the sulphur, but 
the sample with 0.005 per cent manganese 
shows comparatively low hot-workability. 
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hot-workability in the type 304 and 321 


. steels shown in Figs. 10, 11 and 12. However, 


the nickel content of all of these heats is 
high. Nickel and manganese tend to be 
additive in their effect, so that in lower 
nickel steels it would be expected that 
manganese would be more effective. The 
hot-workability is poor in the single heat 
containing 18 per cent chromium and 
8 per cent manganese with no nickel. 


Sulphur and Selenium 


It is well known that sulphur affects 
hot-workability adversely. However, no 


TABLE 2.—Effect of Carbon on the Hot-workability of Plain Carbon Steel 





Composition, Per Cent 


Number of Turns, Testing Temperature of 
































& Mn S P Si 2000°P. |2050°F | 2100°F.|/2150°F. | 2200°F.| 2250°F. eeee?® Inia? 2400°F. 
0.04 | 0.26\/0.024/0.004/0.003 133 166 157 187 201 245 279 302 320 
0.12 | 0.38)/0.033/0.019'0.04 179 233 140 190 229 259 294 
0.13 0.47/0.028 0.013|0.03 217 243 270 288 295 312 332 344 357 
0.20 | 0.48/0.031/0 020/0.17 204 231 255 273 259 305 284 204 288 
0.26 | 0.49/0.030/0.014/0. 19 242 269 264 309 304 2904 268 
0.34 | 0.72/0.038)0 014'0.18 125 107 142 145 177 192 177 
0.35 | 0.54|0.036/0.014!0. 22 209 219 240 248 225 216 181 
0.40 | 0.66/0.034/0.018)0.16 249 265 262 342 362 232 
0.45 | 0.84/0 042/0.026|0. 08 217 258 260 269 317 298 300 
0.76 | 0.84/0.035/0.0160. 20 189 208 186 208 212 214 162 
0.96 | 0.3410.045'0.019 0.31 133 145 159 164 153 135 129 69 4 
1.04 a — 210 198 208 147 196 168 14 




















The other steels show that in general 
manganese improves hot-workability. Heat 
3X5921 contains 0.77 per cent manganese 
and 0.007 per cent sulphur. Because of the 
lower sulphur content, less manganese is 
used up in neutralizing the sulphur effect, 
and therefore it has _ hot-workability 
comparable to that of higher manganese 
steels. The higher sulphur content (0.030 
per cent) in heat 83615 lowers its hot- 
workability. A similar sulphur content of 
0.028 per cent but with higher manga- 
nese (1.05 per cent) shows much higher 
hot-workability. 

The room-temperature austenitic 12.88 
per cent manganese steel shown has much 
lower hot-workability than the 
temperature ferritic steels. 

Manganese above 0.41 per cent seems 
to give little additional improvement of 


room- 


one previously has determined the quanti- 
tative effect of sulphur on the hot-worka- 
bility of steels. 

A heat of steel with resulphurized 
ingots of different sulphur contents and 
with sulphur added, both as stick sulphur 
and as sodium sulphite, was obtained 
through the courtesy of Mr. B. F. Court- 
right and Mr. F. W. Forman, of the Wis- 
consin Steel Co. In this heat containing 
0.021 per cent sulphur in the ladle, ingots 
were resulphurized up to 0.130 per cent. 
Fig. 13 shows the results of the tests on 
these steels. The one lowest in sulphur 
shows much the best hot-workability. 

The addition of sulphur as sodium 
sulphite gives only slightly better hot- 
workability than corresponding amounts 
added as elementary sulphur. Ramsey and 
Graper® conclude that steel with sulphur 
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Fic. 7.—EFFECT OF CARBON IN TYPE 446 CHROME STEELS. 
Analyses 
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Fic. 11.—EFFECT OF MANGANESE IN TYPE 321 STEELS. 
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FIG. 10.—EFFECT OF MANGANESE IN TYPE 304 STEELS. 
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Fic; 13.—EFFECT OF SULPHUR ADDED AS STICK SULPHUR AND AS SODIUM SULPHITE IN INGOTS OF A 
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FIG. 14.— EFFECT OF SULPHUR IN S.A.E. X-1314, X-1315 AND X-1335 STEELS. 
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Fic. 15.—EFFECT OF SULPHUR AND SELENIUM IN TYPES 410 AND 416 STEELS. 
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added as sodium sulphite can be rolled as 
well as though no sulphur were added. 
This is not confirmed by the tests shown 
in Fig. 13, which show that in general the 
lower the sulphur content of the steel the 
better its hot-workability. Added sulphite 
sulphur in no case gives such good results 
as the low-sulphur control samples. 

Fig. 14 gives the results of tests on steels 
with different sulphur, carbon, and manga- 
nese contents. Although manganese is 
important for reducing sulphur red short- 
ness, the o.o14 per cent sulphur steel 
is definitely the most ductile at high 
temperatures. 

In Fig. 15, chromium reduces the red- 
short effect of sulphur and selenium and 
makes type 416 steels quite hot-workable. 
In Fig. 16, selenium in the 18-8 type of 
stainless steel lowers its hot-workability. 


Phosphorus 


Low-phosphorus_ steels show normal 
curves in Fig. 17. One heat containing 
0.064 per cent phosphorus shows low 
ductility at low temperatures and this 
rises rapidly above 2250°F. and then falls 
off just as quickly above 2350°F. This may 
be caused by the low manganese of this 
heat. 


Silicon 


Silicon up to 0.20 per cent has little 
effect in low-carbon steels. Over 1.00 
per cent, it decreases hot-workability as 
shown in Fig. 18. The higher sulphur in 
heats 1065276 and 1083578 has an added 
depressing effect on their hot-workability. 

In the austenitic chrome, nickel, stain- 
less steels, silicon above o.50 per cent 
markedly decreases hot-workability at the 
higher temperatures, as shown in Fig. 109. 
This is probably the result of the ferrite- 
forming tendency of this element, which 
forms a duplex structure and thus reduces 
the hot-workability. 


Chromium 


Chromium from about o.5 per cent up to 
27 per cent is a widely used alloying ele- 
ment in steels. It also is used in conjunction 
with other elements such as_ nickel, 
molybdenum and silicon. 

Nine steels containing from 0.70 to 
26.0 per cent chromium are shown in Fig. 
20. Below about 9 per cent, the steels 
show lower hot-workability with increasing 
chromium content, but above 9 per cent 
the ductility increases, especially above 
2300°F. 

In Fig. 21, a series of 5 per cent chromium 
steels is shown. Molybdenum, silicon and 
vanadium have little effect in these steels 
as compared with heat 57153, which 
contains no additional alloying elements. 
Titanium causes a dip in the curves, 
which again rise at very high temperatures. 

Silicon, molybdenum, titanium and 
columbium all affect the hot-workability 
at high temperatures of the austenitic, 
chrome-nickel steels. Here the curves turn 
down, probably because of the ferrite- 
forming tendency of these elements. Fig. 22 
illustrates this. 


Nitrogen 


Nitrogen as an alloying element is used 
most often in chromium steels. It is found 
also as an impurity in all steels. In carbon 
and low-alloy steels, the amounts normally 
present are small and in these quantities 
do not affect hot-workability. In the higher 
chromium steels, ductility at high tempera- 
tures decreases with increased nitrogen. 
The effect of 0.058 per cent nitrogen in type 
430 Steels is evident in Fig. 23. A maximum 
of 0.035 per cent nitrogen is specified for 
type 430 piercing rounds, to assure good 
pierceability. 

Fig. 24 shows the effect of nitrogen in 
type 446 steels. 


Nickel 


Pure nickel is very ductile at high tem- 
peratures. Nickel up to 5 per cent in steels 
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Fic. 18.—EFFECT OF SILICON IN LOW-CARBON STEELS. 


Analyses 
Heat number..... 100707 9113 21019 18205 33540 17241 1065276 216372 1083578 
ae aia ae Gt &- saa Oo. fF 0.12 0.12 0.12 O.1I1 0.12 0.068 0.052 0.070 
Mn. 0.47 0.51 0.45 0.52 0.52 0.46 0.26 0.37 0.232 
i ee ee 0.023 0.035 0.025 0.026 0.030 0.030 0.043 0.030 0.043 
ee 0.013 0.010 0.023 0.018 0.022 0.025 0.031 0.008 0.009 
Si 0.04 0.06 0.132 0.17 0.20 0.178 0.26 2.98 1.20 
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FIG. 19.—EFFECT OF SILICON IN TYPES 304 AND 302-B STEELS. 


Analyses 


Heat number... sa 5X7539 3X4205 629318 

a ee 0.05 0.05 0.08 
=e 0.54 0.59 1.40 
Oe aig we kb 6 0.007 0.010 0.010 
| SEE artes 0.012 0.014 0.021 
Si. 0.35 o 2.66 
Sa 18.56 18.40 18.08 
Re 10.66 10.48 9.80 








Ye - * 








764 THE EFFECT OF VARIOUS ELEMENTS ON THE HOT-WORKABILITY OF STEEL 










Q 
aK 


= 
— 


Number of turns 





——H 43 .. 
WZ 5153 4-6%Cr 
2Cr 2860" |)" cr 
Cr 106 Cr 7 aaraoe 
Oe —s 57; a jae 
at ies 22C,| 


2002350 2400-2450 


zh 
cr 










































Temperature, °F 
FIG. 20.—EFFECT OF CHROMIUM. 
Analyses 
Heat number...... 28073 93168 8105 57153 21178 65740 54163 10555 33602 
MERRY, a eee 0.21 0.15 0.11 0.14 O.II 0.06 0.10 0.07 0.08 
ES mg 0.45 0.47 0.28 0.38 0.42 0.34 0.41 0.39 
PR eee 0.011 0.009 0.018 0.014 0.027 0.014 0.013 0.019 
Rietibss weave ee se 0.018 0.014 0.013 0.016 0.016 0.009 0.016 0.018 0.014 
Sap Sy eae 0.23 0.80 20 . 0.16 0.69 0.74 0.25 0.38 0.26 
Se Ae 0.70 1.06 2.86 5.02 7.02 9.22 12.37 15.60 26.00 
IE Re 0.51 0.49 0.55 
ORG SERRE, See 0.90 0.025 0.15 
| 
| | | | 
160 | | ee eee | = | EEE ae 
2 eee eS 
= 
3] lL | | S A 
‘5 | ~MorSé ; 
Bao 6/5294 S%Cr-Mo | 629337 nc 
| ‘ Ti | 
j x 2 | 
2 | 57153 5% Cr =o ¥: 3 
40 (1099 SCCM ee ee 
| (3337 5 Cr-Mo C. | 
0 | | | 
1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 
Temperature ,°F 
Fic. 21.—EFFECT OF Mo, Si, Ti, Cb, V IN. 5 PER CENT CHROMIUM STEELS. 
Analyses 
RON BNE a oie sen css ks bee e ace os 57153 615294 31188 13337 C-17099 620337 
SS td CS arte Pay ete See ee ge 0.14 0.13 0.09 0.058 0.16 0.13 
TER GRE ne eee eee ee ear eee 0.28 0.37 0.45 0.41 0.56 0.20 
ee ET AU ee nk Ae ree 0.018 0.012 0.014 0.033 0.018 0.02 
Dp betas be dtiesedsnincdensnbenscceys 0.016 0.018 0.011 0.008 0.014 0.01 
Re eet ee epee ere 0.16 0.20 0.50 0.35 0.20 1.07 
_ ERE GE AE Sang on earner rd een 5.02 5.00 5.18 5.30 4.94 §.13 
Bb As vedanted.ochscoanohas o0G@baaaes 0.53 0.54 0.51 0.45 0.55 
(Se ee ee aire ek ai ae 0.39 
hbk Gt catia nen anaedras kawutunaes 0.76 
Wathae Riess ae en oka a ae ek ee ees 0.23 
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Fic. 22.—EFFreEct or Ti, Cb, Mo, Si, CbTi, CbhMo IN CHROME-NICKEL STAINLESS STEELS. 









































Analyses 
Heat number......... 629318 617120 2X0973 I-1923 43170 4-1632 I-1969 N-110 
Colas ah & i 0.08 0.074 0.022 0.05 0.07 0.07 0.05 0.05 
Mn.. 1.40 1.37 1.60 4.00 0.45 1.75 2.49 1.76 
Dv csscewase 0.010 0.013 0.107 0.009 0.011 0.015 ©.010 0O.OLI 
SEE SS 0.021 0.017 O.015 0.018 0.018 0.015 0.016 0.023 
S.. 2.66 0.50 0.32 0.29 0.49 0.47 0.60 0.41 
a pasa aie 18.08 18.59 18.08 18.18 18.60 19.63 18.35 18.40 
aaa aD ye 9.80 10.44 Ir.40 12.52 10.74 11.47 10.45 13.39 
 4a% coe See 2.35 3.39 2.02 
) Se ae 0.45 0.10 
RAE nire Gert. hk eisete vase 0.73 0.80 0.70 
——r ca ceca 7 T =< T 
| | 
| | = 
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| S| | 
j | 
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FIG. 23.—EFFECT OF NITROGEN IN TYPE 430 STEELS. 


Analyses 
Heat number.... (icc. ae 37708 634618 
AS ; 0.08 0.09 0.11 
Goa ee 0.44 0.43 0.34 
= bad ae att 0.018 0.013. 0.018 
te al eas a ati paca kcdis aha ote 0.022 0.013 0.018 
Mes bankas a sthce's i yaaa date 0.38 0.38 0.35 
es. oo Maret cae te wenean 15.86 35. 15.60 
Nz. 0.016 0.029 0.0575 








766 THE EFFECT OF VARIOUS ELEMENTS ON THE HOT-WORKABILITY OF STEEL 


ae ae 


















































































w 
f= 
: . 
ii + 
| 6 
= 
[¥) 
x) 
= 
= 
ie 
i 
; 
2450 
Temperature. °F 
ti FIG. 24.—EFFECT OF NITROGEN IN TYPE 446 STEELS. 
Analyses 
j I io. in i Gunton > 015.4 eas 627704 628939 614917 56344 33600 41426 
' et ae ee oe ask ae Se ak ace 0.09 0.09 0.105 0.12 0.10 0.10 
‘] NE oie eer so wnt), a es cig arated eotealcd 0.37 0.42 0.38 0.64 0.42 0.48 
i 1 REITER Spee RSE SCE MPR RED 0.014 0.009 0.010 0.005 0.010 0.012 
{ ia, serccu arta hives toads Led wie es 0.017 0.013 0.020 0.020 0.011 0.010 
i Mts ack ate acted piven we Rae wa ae ate 0.20 0.33 0.36 0.47 0.43 0.38 
i} Bc cis ae wie inweieda Ga ate uwee eee 25.10 26.36 26.12 25.65 27.12 26.44 
i Maes eb urphas ti aeuinie eakwaens em a ah ten aes a 0.085 0.108 0.125 0.14 0.16 0.30 
| - ee ae : 
t 1 | | 
a cat o—4 
, | “4 tye wt. 
' \ | T 
i Ke) /_—_——« 
i) \C Nu | 
' 300 6 y IN BS pI54 mil = _ 
q S 
2 250 oe | | 
E —_ | | 
7 2 054 etd 
; to 4 . | j 
Wt > q) 
it E al ne See 8 
: a 
Ss 150 Let | 
} ei | | 
| 435N a em. 
y 50 a : | 
| 4/018 3005Nt_——" | 
Ft; | | 
at | 0 1 j 
+E 1900 1950 2000 2050 2100 ~§=. 2150 2200 2250 2300 2350 2400 2450 
ee | Temperature, °F 
ad Fic. 25.—EFFECT OF NICKEL. 
Hy | Analyses 
Rhee i GE os nin s as ohn is vndanin dan SAE 2015 SAE 2315 SAE 2515 41018 43.5% Ni Nicke 
ah} SECRET e SRR a te Ae Sie Re aA 0.18 0.16 0.16 0.11 0.052 0.06 
ee say weak ess OR ee ea 0.39 0.57 0.51 0.47 0.49 0.26 
AR SESSA ee Re en rhe trae 0.021 0.013 0.019 0.042 0.008 0.005 
SR ee ee ORNS re Nae 0.013 0.013 0.009 0.010 0.011 
TRS, SEE Prey Be Re een ny 0.28 0.24 0.18 0.17 0.13 0.05 
: EES ECR en ene ey enn eee ee eae 0.54 3.55 5.05 30.06 43.5 99.43 
7 RR, IRR re ere Tre ere 0.10 
Mee nach 8 uhsd kb Readies be SR 0.06 
if 
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Fic. 26.—EFFECT OF COBALT IN HIGH-NICKEL STEELS. 
Analyses 
Ni-Co Alloy 314 43-5% Ni 
ee 0.040 0.11 0.052 
Mn. 0.41 0.47 0.49 
vie 0.021 0.042 0.OII 
Pesce sur ses bessneen 0.005 0.010 0.008 
eee ee 0.08 0.17 0.13 
8 ee 30.10 30.06 43.5 
Te Ch cutine oe ke oadees ee veh os 16.65 
400 
350 
€ 250 
- 
ye 
oO 200 = 
. 
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E 
= 60ir— 
ya 
100 = 
50;— | tT 
0 | | 
1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 
Temperature,°F 
Fic. 27.—EFFECT OF MOLYBDENUM IN CARBON STEELS. 
Analyses 
Heat number 9-5805 42305 550907 629261 710872 
RS Re SPO Lia. eet heehee ee 0.14 0.12 0.13 0.46 0.45 
weal. 0.42 0.48 0.47 1.73 0.84 
0.020 0.025 0.028 0.016 0.042 
Se ae 0.016 0.016 0.013 0.016 0.026 
0.31 0.23 0.03 0.15 o 08 
0.48 0.53 0.21 
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improves hot-workability at all tempera- 
tures. Fig. 25 shows high ductility curves 
for 0.5, 3.5 and 5 per cent nickel steels. 
The 30 and 43 per cent nickel steels have 
much lower values but this is probably 
caused by the formation of austenite 
rather than from the nickel as an element. 
Nickel is one of the few elements that 
improves the hot-workability of steels. 


Cobalt 


Cobalt is not widely used as an alloying 
element in steels. Fig. 26 shows a compari- 
son between straight nickel steels and a 
steel containing 19 per cent cobalt with 
nickel. The cobalt does not appear to 
affect the hot-workability of these steels. 


Molybdenum 


Molybdenum reduces the hot-worka- 
bility of carbon steels as shown in Fig. 27. 
Steels of the same carbon content without 
molybdenum are shown to be better. 

In the 5 per cent chromium steels 
shown in Fig. 28, molybdenum has little 
effect. 

In the 27 per cent chromium steels 
shown in Fig. 29, the nitrogen spread 
probably accounts for the variation in the 
curves. However, the hot-workability of 
chromium steels with more than 2 per cent 
molybdenum decreases markedly above 
2300°F. 

The ferrite-forming tendency of molyb- 
denum in the austenitic chromium-nickel 
steels lowers the hot-workability of these 
steels as shown in Fig. 30. 


Vanadium 


Fig. 31 shows the effect of vanadium in 
chromium steels and in chromium-nickel- 
columbium steels. This element in small 
amounts seems to have little effect on 
hot-workability. 


Titanium 


No titanium-carbon steels were available 
for determining the effect of titanium 


alone. Its effect on other steels is to change 
the type of curve rather than the maxi- 
mum number of turns. Curves showing this 
tendency are found in Fig. 32. This 
element is a ferrite former and hence must 
be balanced with nickel, manganese and 
carbon to prevent a duplex structure, and 
poor hot-workability. 


Columbium 


Columbium has a marked depressing 
effect on the hot-workability of 5 per cent 
chromium-molybdenum steels, and also 
on the austenitic chromium-nickel stain- 
less steels. In Fig. 33, the comparison of 
these with similar steels containing no 
columbium is shown. 


Lead 


Recently lead has been used in steels to 
improve machineability. This has raised 
the question of whether it affects the 
other properties of these steels. The pre- 
vious work indicates that little change in 
such properties occurs from the addition 
of lead. This work, however, has been 
confined to these properties at room 
temperatures. ; 

Fig. 34 shows the detrimental effect of 
lead on hot-working in steels of low and 
intermediate carbon.. This comparative 
effect is not so pronounced in the high- 
sulphur steels shown in Fig. 35. The 
hot-workability of the similar nonleaded 
steels is low because of the sulphur. The 
lead, however, is additive in this direction. 
Lead seems to have a lowering effect similar 
to that of sulphur. 

Fig. 36 shows the neutralizing effect of 
chromium on the red-shortness tendency 
of lead. This is similar to its action on 
sulphur. 


Tin 
Through the courtesy of Dr. S. F 
Urban and Mr. R. D. Webb, Jr., of th: 


Carnegie Illinois Steel Corporation, 
series of killed open-hearth steels contain- 
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ing various amounts of tin and carbon were 
made available for hot-workability tests. 
Individual ingots were given increasing 
amounts of tin in each carbon-content 


and 39. In the higher carbon steels shown 
in Figs. 40 and 41, less difference is found 
between the low-tin steels and the ones 
containing greater amounts. However, even 
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Temperature, °F 
Fic. 28.—EFFECT OF MOLYBDENUM IN 5 PER CENT CHROME STEELS. 
Analyses 
LTT OE Ce Pe rE 615204 57153 
tr ek ia a as as ck og Shara aeledens serbia 0.13 0.14 
ice Wi bi g-mce.w'a bs a/e.d & adele ee eG ele 0.37 0.28 
DG ae ae Rciad uk & ewe oa ee ead & 0.012 0.018 
ani asaid noid 3 er we 2's Male ous Obata Wek 0.018 0.016 
Db heisk ch £4. c6.Ws 35 ree RNek aka wee 0.20 0.16 
i. 5 a Se ee bre sn ednale ewe wane 5.00 5.02 
ERE a hen bS cw iV 55 0b oe Re weren eae 0.53 
240 
200+— — a — —SEE EE 
w 
© 160 — cee SEES a ee: esis ames ee am 
2 wy 
+ 20 oy 
©) 1? (a —_—$—+ —_—_—_ 
5 . ser, bw 
E f 1 1 
5 80|——— Hee Se = ee —* 174 Mo. 
4 ware S 
o +18 So 2% 
a a aS eee —— On77 
; 
, | 
900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 
Temperature, °F 
Fic. 29.—EFFECT OF MOLYBDENUM IN TYPE 446 STEELS. 
Analyses 
CO SES eee Pee 629109 B-153 B-157 B-155 B-156 
2. A ESS eS ae ere eee 0.11 0.12 0.12 0.12 0.12 
RU aia ceaiiiic k= Gao ale aidiaue oso ok ie Silo Liais 0.33 0.43 0.38 0.43 0.43 
itch da bss hae wba Oa one R ee wees oak 0.010 0.015 0.012 0.012 0.013 
iach obs Gaieevdak dae eae eek ceawkaa 0.013 0.009 0.011 0.008 0.008 
eG saa Sha ¥ ok aie ate okies a Sx bieaee 0.28 0.41 0.39 0.37 0.45 
tt Abc a ho sacar a oe oa bake coed abs. 25.80 26.91 26.88 26.84 26.81 
a Les yc Raritan cea aac weeeee. 0.74 1.53 2.24 3.13 
ERS SAR roo or Sy ee 0.120 0.18 0.12 0.14 0.15 





class. Fig. 37 shows the effect of tin in 
low-carbon steels. Even 0.057 per cent tin 
markedly lowers the hot-workability, and 
this decreases further with increased tin 
content. In the 1025 and 1045 steels, the 
effect of tin is similar, as shown in Figs. 38 


in these 


steels, increasing tin definitely 


decreases hot-ductility. 


DISCUSSION OF RESULTS 


A rapid twist test was devised to study 
quantitatively the hot-workability effect 
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Fic. 30.—EFFECT OF MOLYBDENUM IN CHROME-NICKEL STAINLESS STEELS. 






Analyses 
I er eee ee ele, ee 617120 2X0973 I-1923 4-1632 N-110 
iiee Suletiee ce aoa sk baahh be es Shee h kaos acs 0.074 0.022 0.05 0.07 0.05 
Kekediea i Aiea 0 iin a as ae en hie Wk Sea Se Aaa 27 1.60 4.00 5.25 1.76 
PaRetebaky is ckicsa. ko ca R eee a eae ees bakes a. 0.013 0.107 0 009 0.015 0.011 
ih Git acters Dl ie wh SiS ep web ge Gee Lakes ene 0.017 0.015 0.018 0.015 0.023 
Meretr dat panies hts ake e alana & a alepaos ae oe eee ak a ee 0.50 0.32 0.29 0.47 0.41 
Seis 6 nde ae cela gt ally occa tein, «a le ao pw msn re 18.59 18.08 18.18 19.63 18.40 
PERE IRF ee eR ee Ty Nay ERR hg a Rn eee 10.44 II. 40 12.52 11.47 13.39 
isabel iors, eh ln. 0: ids BAe aca eID. CIR eae ook 2.35 3.39 2.02 
SEE ee EE Re Pe ETT Oe Pe ae 0.73 0.70 
w 
c 
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- 
e 
° 
t 
= 
= 
6/5294 5%.Cr 
494Cr 
V ta” 
; 2200 2250 2300 2350 2400 2450 
Temperature, °F 
Fic. 31.—EFFECT OF VANADIUM. 
Analyses 
Pe NE 65 +5 cho ew nas doesa ee 93167 622364 615204 C-17099 4-163 I-1968 
_ RE CAINS HE Sas tees oc ep plese BBE 0.13 0.20 0.13 0.16 0.07 0.05 
Rebs ietet cola GA asee bebo bales a eae acd 0.45 0.72 0.37 0.56 1.75 1.98 
SOE Le ee ge Te rey pee ee tone eee 0.014 0.023 0.012 0.018 0.015 0.009 
iveat «kbs k hd web aks hath tas § weak 0.017 0.017 0.018 0.014 0.015 0.010 
ey ee ee OE re 0.95 0.26 0.20 0.20 0.47 0.47 
ORE I re at re OP reg ye ae een 1.19 1.02 5.00 4.94 19.63 18.08 
sia oink a4 ale SUR a are! 8 ile Soe ae OPE 0.17 0.23 0.032 0.30 
TR OP AN Hh UN re Ip eet 11.47 10.53 
CA at Acheter ik in te atch sb hike Bb oe Sem ool 0.73 0.70 
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FIG. 32.—EFFECT OF TITANIUM IN 5 PER CENT CHROME AND CHROME-NICKEL STAINLESS STEELS 
Analyses 
Heat number.......... 617120 5X7539 43170 47610 4-1632 I-1969 615294 31188 
eet ads cass hemes 0.074 0.05 0.07 0.05 0.07 0.05 0.13 0.09 
Mn. 1.37 0.54 0.45 0.40 1.75 2.49 0.37 0.45 
te DoE ake es 0.013 0.007 0.011 0.011 0.015 0.010 0.012 0.014 
_ See 0.017 0.012 0.018 0.013 0.015 0.016 0.018 0.01! 
ee ee eke wd. ohne arate 0.50 0.35 0.49 0.50 0.47 0.60 0.20 0.50 
a LAS eee 18.59 18.56 18.60 18.15 19.63 18.35 5.00 5.18 
RC a bigs a eiGiee Weekes 10.44 10.66 10.74 10.68 11.47 10.45 
Mo. re te te 
) a ee 0.45 0.40 0.10 0.53 0.54 
RS re eer ee 0.73 0.80 0.39 
175 
wo 
S. 
S12 
> 
Se 
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2 
5 5% 
T ° 
2% 6/ 
617120 
1632 18-8 
tate 6 Cr-Mo -COb 
0 . ' 
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Temperature, °F 
Fic. 33-— EFFECT OF COLUMBIUM IN 5 PER CENT CHROME AND CHROME-NICKEL STAINLESS STEELS 
Analyses 
Heat number... ; .. 6152904 13337 617120 4-1632 
Dene oak 5 Bae ar wg Ja . 0.058 0.074 0.07 
Mn. 0.37 0.41 1.37 1.75 
54 0.012 0.033 0.013 0.015 
vin kA 6:aiGh win on 10's 0.018 0.008 0.017 0.015 
= 0.20 0.35 0.50 0.47 
CBicccovescccivesecccecess 5.00 5.30 18.59 19.63 
EAS YS ee ee rere 10.44 11.47 
Mo. 0.53 0.51 
Cb. 0.76 0.73 
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Fic. 34.— EFFECT OF LEAD IN CARBON STEELS. 
Analyses 
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Fic. 35.—EFFECT OF LEAD IN HIGH-SULPHUR MANGANESE STEELS. 
Analyses 
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Fic. 36.—EFFECT OF LEAD IN TYPE 430 STAINLESS STEELS. 
Analyses - 
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Fic. 37.—EFFECT OF TIN IN S.A.E. 1010 STEELS. 
Analyses 
Ingot 12 Ingot 10 Ingot 11 Ingot 13 Ingot 14 
Se eee cae rt he ees he eee a 0.12 0.11 0.12 0.11 0.12 
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FIG. 39.— EFFECT OF TIN IN S.A.E. 1045 STEELS. 
Analyses 
Ingot 12 Ingot 10 Ingot 11 Ingot 13 Ingot 14 
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Fic. 40.—EFFECT OF TIN IN S.A.E. 1075 STEELS. 
Analyses 
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Fic. 41.—EFFECT OF TIN IN I PER CENT CARBON STEELS. 
Analyses 
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of various alloying elements in steels. The 
test has shown excellent reproducibility 
on samples taken from a single heat. It 
has also shown that heats of the same class 






Number of turns 


2150 
Temperature ,°F 


Fic. 42.—COMPARISON OF THE EFFECT OF TIN, LEAD AND SULPHUR IN CARBON STEELS. 


Manganese and nickel improve the hot- 
workability of carbon steels. Manganese 
also neutralizes some of the detrimental 
effect of sulphur. 


66565 523 Q0928 


2250 2350 2400 2450 


Analyses 
ee eee 66565 66565 66565 44275 44275 44275 3046-P 
X-518 X-519 X-523 Ingot 12 Ingot 10 Ingot 11 
SREP Opeereer- Garey Pane av Sea 0.22 0.22 0.24 0.26 0.27 0.28 0.20 
| EES eee 0.45 0.48 0.46 0.49 0.49 0.48 0.48 
ehh blots ai ed akin apie Aedes sho 0.021 0.052 0.116 0.030 0.037 0.040 0.031 
| ECR eh Raw Tay ment 0.014 0.014 0.014 0.014 0.012 0.015 0.020 
DU Scanet cisitw bes cies Rela 0.08 0.08 0.08 0.19 0.18 0.18 0.17 
Midi adhe desedincibatead 0.002 0.057 0.106 0.13 


of steels vary considerably in their hot- 
workabilities. Critical steels must be 
tested individually to determine the proper 
conditions for rolling. forging or piercing. 
For seven years results of the tests have 
been successfully correlated with mill 
results on the piercing of rounds for the 
manufacture of seamless tubing. 

Most of the added elements studied tend 
to decrease the hot-workability of steels. 
Sulphur, silicon, molybdenum, tin and lead 
show this effect in carbon steels. 

Sulphur, tin and lead have a strikingly 
similar effect for equal amounts added to 
steels, as shown in Fig. 42. The decrease 
in the number of turns and the shape of 
the curves are very much alike for these 
elements. 

Nitrogen and columbium have a marked 
depressing effect on the hot-workability of 
chromium steels. 


Oxygen, carbon, phosphorus, cobalt, 
vanadium and titanium individually have 
little, if any, effect. 

Chromium seems to have an adverse 
effect up to about 9 per cent, and above 
this amount it markedly increases the hot- 
workability. It also has a neutralizing effect 
on sulphur and lead in high-chromium 
steels. 

The room-temperature austenitic steels 
have much poorer hot-workability than 
the room-temperature ferritic steels. Aus- 
tenitic steels with ferrite-forming elements 
or with insufficient austenite-forming ele- 
ments tend to have duplex structures, 
which have the poorest hot-workability. 


CONCLUSIONS 


A quantitative, hot-workability test 
has been devised and used to determine the 
effect of oxygen, carbon, manganese, 





DISCUSSION 


sulphur, selenium, phosphorus, silicon, 
chromium, nitrogen, nickel, cobalt, molyb- 
denum, vanadium, titanium, lead and tin 
on the hot-workability of steels. These 
elements have the following effects on the 
steels studied: 





Little or Beneficial Detrimental 
No Effect Effect Effect 





Oxygen 


Manganese 
Carbon 


Nickel 
Chromium (above 
9 per cent) 


Sulphur 

Selenium 

Silicon 

Nitrogen 
Molybdenum 
Columbium 

Lead 

Tin 

Chromium (below 
9 per cent) 


Phosphorus 
Cobalt 
Vanadium 
Titanium 
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DISCUSSION 


(K. L. Fetters presiding) 


C. L. Crarx* and J. J. Russ.*—Dr. Ihrig 
is to be complimented for this very compre- 
hensive paper covering the hot-working of 
metals as influenced by various elements and, 
where similar analyses have been considered, 
his findings are in general agreement with ours. 

While it is true, as Dr. Ihrig indicates, 
that appreciable differences may exist between 
individual heats of the more highly alloyed 
steel, it should be further recognized that 
Dr. Ihrig has selected heats covering the 
maximum permissible variations in com- 
position and, in certain cases, even com- 
positions somewhat beyond the allowable 
range. For example, in Fig. 3, eight different 
heats of type 304 are considered with a total 
nickel rangesof 8.43 to 10.72 per cent, and a 
chromium range of 17.15 to 20.28 per cent. 
Furthermore, the steel containing the maxi- 
mum chromium content contains the minimum 
nickel. While these ranges may be permissible, 
any given producer of these steels recognizes 
that the chromium and nickel content must 
be properly balanced, especially for severe 
hot-working applications such as the piercing 
of seamless tubes. In fact, because of this, 
all tubular specifications permit a maximum 
nickel content of 11.0 per cent, rather thar 
10.0 per cent, in type 304 tubes, and we woulc 
certainly not consider a steel of this type con- 
taining 8.43 nickel, 20.28 chromium as beinr 


* Metallurgical Department, Steel and Tube 
aaa Timken Roller Bearing Co., Canton, 
hio. 
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satisfactory for piercing. If the two lowest 
nickel heats of Fig. 3 be disregarded, the 
differences in the temperature of maximum 
twist for the remaining heats is not great or of 
commercial importance. 


is 
Fic. 43.—HEaAT 619276, TYPE 430. TwIst- 


TESTED AT 2400°F. X 35. ELECTROLYTIC OXALIC 
ACID ETCH. 





This same general criticism applies to 
many of the other figures, for often, in addition 
to the variable under consideration, there are 
other variables that may be equally important. 
This is illustrated in Fig. 8, which has been 
included to show the influence of variations 
in carbon on type 304. Yet the nickel range 
in this series of heats is from 7.08 to 10.34 per 
cent and the chromium range from 18.24 to 
19.28 per cent. 

When Dr. Ihrig says that we have “con- 
cluded that the maximum forging temperature 
can be determined from the curves of single 
heats of various type steels” (p. 754), we believe 
he must have misinterpreted certain of our 
statements. We have always recognized that 
differences might and do exist between different 
heats of the same analysis and, in fact, if that 
were not true the validity of this test would 
be very much open to question, for no test, 
to our knowledge, is available that will yield 
absolutely the same results on different heats 
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of the same steel. However, we do believe 
that in the case of the lower alloyed steels 
produced by a given company, the differences 
in the temperature of maximum twist from 
heat to heat of a given analysis are of academic 
rather than commercial importance as far 
as hot workability is concerned. If this were 
not true, the ability of these steels to be 
forged on a production basis in the past 
under constant and uniform procedures would 
not have been possible. 


H. K. Ineic.*—Clark and Russ confirm 
our conclusions that the rapid hot-twist test 
is “an ideal procedure for determining proper 
temperatures for hot processing” of metals. 
This procedure originated in the Globe Steel 
Tubes Company’s laboratories more than six 
years ago, and since that time has been used 
to control the hot piercing and rolling of seam- 
less steel tubing of many different analyses. 

Clark and Russ say that “‘in each case the 
number of twists required for fracture increases 
as the temperature is raised, until a critical 
temperature is reached after which the number 
of twists decreases.”’ Their Fig. 3, curve D, 
has no critical maximum temperature; also, 
in their Fig. 8 the curve for 18-8 continues 
to rise with temperature. We have found a 
number of analyses that do not show any 
critical maximum temperature. Types 410 and 
430 straight chrome stainless steels show a 
marked rise at high temperatures, rather 
than a falling off. Therefore, their statement 
that ‘“‘each steel possesses a critical tem- 
perature as far as its ductility (as measured 
by twists to fracture) is concerned” is not 
supported by their own data nor by ours. 

A sample twist bar of type 430, which had 
been fractured at 2400°F., was examined 
microscopically for the intergranular cracks 
that occur at high temperatures described 
by the authors. No evidence of any cracks 
could be found even very close to the actual 
breaks. The micrograph in Fig. 43 shows the 
fracture and the area adjacent to it. 

In the presentation of their data on the 
twisting of various steels, no results are 
shown on the accuracy of reproduction of the 
test on a single heat or the difference in hot- 


* Chemical Engineer and Director of Labora- 
tories, Globe Steel Tubes Co., Milwaukee, 
Wisconsin. 
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workability between heats of the same type of 
steels. It is believed that such data are essential 
for the use of any proposed test. 

Clark and Russ make the statement that 
‘the addition of stabilizing elements, such as 
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in temperature during hot-working. Why not 
measure this increase directly in the twist-test 
furnace? 

The authors present no experimental data 
on either the variability of steels between 


Fic. 44.—EFFECTS OF HOT MECHANICAL WORK (HAMMERING) ON OVERHEATED TYPE 4340 STEEL. 


ACTUAL SIZE ABOUT 5 


columbium or titanium, and free-machining 
additions such as sulphur, selenium or phos- 
phorus, decreases both the temperature of 
the maximum twist and the number of twists 
at this temperature” (p. 740). No data are 
shown for the effect of phosphorus and selenium. 
In fact, the 18-8 Ti heat in their Fig. 8 con- 
tains more than twice as much phosphorus 
as the 18-8 Cb heat, yet it shows better hot- 
workability in their twist tests. Our own work 
shows that phosphorus has little or no effect 
on the hot-workability of steels. 

Clark and Russ give the results of torque 
tests on each of the steels tested. For each 
class the values are very much the same and 
all decrease regularly with increasing tem- 
perature. From these curves and work done 
by us no relationship between the torque 
values and the hot-workability of a steel 
can be seen. They also attempt to use the 
twist-torque ratio as a measure of hot-work- 
ability. Since the torque values are almost the 
same and decrease regularly with temperature, 
the ratio simply becomes a measure of the 
number of twists. They also attempt to use 
the torque values as a measure of the increase 


l6 INCHES DIAMETER. 


heats or the reproducibility of results on a* 
single heat to support their conclusions. It 
has been shown by the writer* that the hot- 
workability of various heats of the same type 
of steel shows a wide range of twist-test values 
and therefore the test must be made on 
individual heats. Generalization on the factors 
that affect hot-workability cannot be made by 
single tests, but must be made only after many 
heats have been individually tested. 


A. O. ScHAEFER.f—It is a pleasure to offer 
some comments on these papers even although 
we cannot submit any additional data, and 
our comments must consist largely in raising 
questions. 

We have several interesting photographs 
taken from chrome-nickel-molybdenum steel 
gun forgings that were overheated before 
forging (Figs. 44 and 45). 

The theory offered by Dr. Clark to explain 
“burning”? seems to be reasonable in view of 


* Page 749 this volume and Iron Age (April 


20, 1944). 
+ Executive 


Midvale Co., Nicetown, Philadelphia, Penn- 
sylvania. 
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the condition revealed by these illustrations. 
It would appear from a study of these photo- 
graphs that there is not only a critical or 
equicohesive temperature, but also a critical 
rate of deformation. 





Fic. 45.— MICROGRAPH TAKEN IN “DARK”’ OR 
“LOOSE”? ZONE OF FIGURE 44. X 100. NITAL 
ETCH. 


Most large forgings probably are worked at 
temperatures below the equicohesive tempera- 
ture. In fact, it might be said that the tem- 
perature for the hot-working of large forgings 
is not too critical as compared with other 
factors, such as the thorough soaking at 
temperature prior to working. 

One important factor that must be con- 
sidered is that too high a temperature of 
heating for forging may result in finishing 


the forging at too high a temperature, with a 


resultant coarse grain structure that is removed 
by heat-treatment only at increased cost and 
time. 

Furthermore, long experience has shown 
that finishing at a low temperature is an aid 
to heat-treatment, particularly in attaining 
improved ductility in the direction of working. 
The reverse of this is true to a certain extent, 
and forgings subjected to transverse testing 
usually are finished at higher temperatures. 

Several questions suggest themselves after 
a reading of these two excellent papers. The 
torque reported in inch-pounds by Clark and 
Russ must represent the maximum torque 
reached during the period of the test. Is it 
not possible that the stress-strain curve that 
might be plotted from this test would be 
even more indicative of the condition of the 
metal than the data that have been presented? 


The greatest field of usefulness of tests 
such as those described in the present papers 
for the manufacturer of forgings by con- 
ventional methods probably lies with the 
alloys that are now being developed for high- 
temperature applications. These alloys natu- 
rally are forged with more difficulty than 
other types of alloy steels. Manufacturers 
in this field have noted the difference in 
forgeability between heats of similar analysis. 
Mr. Ihrig’s data illustrate this very well. 
Fig. 2 of his paper shows the spread in forge- 
ability of a group of heats of SAE-roro steel 
to be relatively small compared with the 
spread in forgeability between a group of 
heats of type 304 steel. 

This variation in forgeability is extremely 
important, and no one who has worked with 
these steels will doubt its reality. However, to 
be of value to the men in the shop, the tests 
should be related to some means to indicate 
how such material may be forged. We should 
think it advisable to extend the work for groups 
of heats such as those shown in Fig. 3 to cover 
repetition of the tests using a variety of test 
speeds. 

Furthermore, we think the stress strain 
curves should be plotted and compared for all 
of the determinations made. We should like to 
ask the speaker if any such thorough analysis 
of the situation has been made, or if the deduc- 
tions from the series of curves have been 
utilized in any way in forging heats of these 
materials. The method of test is especially 
useful because it can be performed easily, and 
we look forward to the future development of 
increased usefulness for this means of study. 


W. O. BrnpeEr. *—The authors of both papers 
have indicated that a marked variation in hot- 
workability exists between different heats of 
steel, especially in some of the high-alloy-con- 
tent materials. Dr. Ihrig illustrates this point in 
Figs. 3 and 4 of his paper, which show the 
spread of results in types 304 and 321 stainless 
steels. Neither paper, however, has brought out 
very clearly the influence of deoxidation in hot- 
workability. In comparing Figs. 10 and 12 of 
Dr. Ihrig’s paper, which show the effect of 
manganese on the hot ductility of types 304 
and 321 stainless steels, with Figs. 3, 4, and 11, 


*Union Carbide and Carbon Research 
Laboratories, Niagara Falls, N. Y, 
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it is seen that the 1 to 1.5 per cent manganese 
steels show greater uniformity than the lower 
manganese steels, especially the type 321 stain- 
less steel. It seems logical to conclude, there- 
fore, that deoxidation and cleanliness play a 
great part in rendering the steel uniformly 
hot-workable. 

The beneficial influence of 1 to 2 per cent 
manganese in the production of stainless steels 
has been observed both experimentally and 
commercially, although it has not been revealed 
by the hot-twist test. Manganese, in amounts 
higher than normally considered necessary for 
deoxidation, facilitates the hot-rolling of stain- 
less steels, particularly the austenitic grades 
containing carbide-forming elements such as 
columbium. These elements cause the forma- 
tion of ferrite, which is likely to produce dif- 
ficulty in hot-working. To assist forging and 
rolling, the practice has been to increase the 
nickel content somewhat to render the steel 


austenitic at the working temperatures and to . 


increase the manganese content to between 1 
and 2 per cent. The improvement imparted by 
manganese is not completely understood, al- 
though probably it is connected with its ability 
to form austenite and to deoxidize the steel. 


K. L. Fetrers.*—Several of us have seen 
the testing procedure that Dr. Clark uses, and 
several of us at one time and another have 
known the speed at which he operated his test- 
ing equipment. Do you know, Dr. Ihrig?f 


H. K. Inric.—I think it was given in a pre- 
vious paper in Jron Age; 180 r.p.m. 


K. L. Fetrers.—I think it is important that 
we have in mind that the rate of deformation 
in these two tests is quite similar. 

There is one use that I know has been made 
of the results that Dr. Clark has studied or 
obtained; that is, they have been able to pierce 
some very high-alloy steels and some graphitic 
steels, which one might expect would be ex- 
tremely difficult to do. They have used the 
torque value because they were able to control 
the speed of piercing on the piercing mill. I 
think that has been a very important reason 
why they have been able to pierce some of these 
very difficult alloys. 

* Youngstown Sheet and Tube Co., Youngs- 


town, Ohio. 
+ Dr. Clark was not present at the meeting. 


I was very much interested in the discussion 
on the effect of deoxidation on these steels. 
That is a part of the study that should be car- 


ried much further, although perhaps it has 


been in either one or both of the authors’ 
laboratories. 

I note that in piercing plain carbon steels 
and low-alloy steels, we find considerable 
variation from heat to heat, and in many cases 
the only factor that can be designated is the 
deoxidation of the respective heats. 

Mr. Foley will read Dr. Clark’s reply to 
Dr. Ihrig’s discussion of his paper. 


C. L. Crark and J. J. Russ (author’s reply). 
We are indebted to Dr. Ihrig for his discussion 
of our paper, and while differences of opinion 
evidently exist, it is apparent that we are in 
full agreement as to the value of the hot twist 
test for evaluating the hot-workability of metals. 

We still insist that a critical temperature 
exists for each steel, after which the number 
of twists to fracture decreases. It is true, as 
Dr. Ihrig says, that the results presented for 
certain steels do not show this critical tem- 
perature but this is because of the extent of the 
temperature range investigated. For example, 
referring to our Fig. 8, the temperature of 
maximum twist for 18-8 is beyond the maxi- 
mum temperature of 2450°F. considered in this 
figure, being 2500°F. 

We likewise have examined twist bars of 
type 430 but, unlike Dr. Ihrig, we have found 
intergranular cracking in bars twisted at 
2500°F. We did use a magnification of 100 
diameters, rather than 35 diameters, as we 
would not expect the cracking to be visible 
at the lower magnification. 

We probably erred in not mentioning the 
possible reproduction of results on the ap- 
paratus. Naturally, in the early days of our 
work a large number of bars from a given 
heat were tested at the same temperature 
and the agreement in both the torque and 
twist values was excellent. In this same con-, 
nection, other companies have duplicated our 
equipment and, for calibration, they have 
been given heats already tested by us, and in 
every case the agreement in twist, at any 
given temperature, has been within two or 
three turns. 

We cannot agree with Dr. Ihrig’s comments 
with respect to the value of the torque char- 
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acteristics. While it is true that in all cases 
the torque values decrease with increasing 
temperature, they are not of the same order of 
magnitude, a fact that will be substantiated 
by anyone who has forged a wide range of 
alloy steels. To us, the torque values are 
just as important as the twist values in deter- 
mining the proper temperature and speed for 
piercing seamless tubes. 

Conclusions we have drawn as to the hot- 
workability of steels are based on tests from 
at least five production heats of each analysis 
over the complete temperature range. For the 
low and intermediate alloy steels the results 
are sufficiently uniform to be applicable to 
all heats, unless certain known variables are 
present in their composition. We agree, how- 
ever, that on the highly alloyed steels it may 
be advisable to conduct the hot twist test 
on each heat, and this is our standard practice 
when piercing is concerned. 


R. S. ArcHER.*—First I would like to 
join in the expression of appreciation for 
both of these papers. They are excellent and 
very valuable. 

Clark and Russ have brought out in an 
interesting way the application of Jeffries’ 
equicohesive temperature hypothesis to studies 
of the hot-working characteristics of metals. 
The extension of the hypothesis into the hot- 
working range is suggested by an early state- 
ment of Jeffries: ‘The equicohesive tempera- 
ture of copper has been found to lie above 
950°C. for rates of loading producing rupture 
in about 3 seconds.”’ On this basis they have 
properly concluded that testing methods 
should employ rates of deformation com- 
parable with those encountered commercially. 
It does not follow, however, that the behavior 
of all metals and alloys in hot-working processes 
will be affected by rate of deformation in the 
manner suggested. The equicohesive tem- 
perature was concerned chiefly with the 
properties of nearly pure metals. The grain- 
boundary strength was considered as varying 
with rate and duration of loading in accord- 
ance with the view that the properties of the 
meal at the boundaries simulate those of the 
“amorphous cement” postulated by Beilby. 
The controlling factor was thus the variation 


* Metallurgical Engineer and Assistant to 
Vice President, Climax Molybdenum Co., New 
York, N. Y. 


in the strength of the “amorphous phase” 
with temperature and rate or duration of 
loading. In some commercial alloys; grain- 
boundary strength may be affected to a 
greater extent by other factors, such as the 
occurrences of fusible material or brittle 
constituents at the boundaries, so that the 
effect of rate of deformation may be somewhat 
different. 

Dr. Ihrig has referred in his paper several 
times’ to the three hot-working~ processes; 
rolling, forging and tube piercing. 

I assume that his actual correlation has 
been primarily with tube piercing in his own 
plant, and it is perhaps worth while considering 
that what steel-mill men commonly refer 
to as hot-rolling characteristics may include 
an entirely different phenomenon than that 
under consideration in these papers. 

There are men here, of course, from other 
mills, and I hope some of them will express 
opinions in agreement or otherwise with the 
remarks I am about to make. To the rolling- 
mill men, in my experience, the criterion of 
whether a steel rolls well or not is based on the 
observation of cracking or breaking in the 
blooming mill, and on the subsequent observa- 
tion of seams and other defects that result 
from such breaks. 

It is a common expression that certain 
ingots have “broken during rolling,” or 
that they show rolling-mill or blooming-mill 
breaks. Observation of many steels of the 
straight carbon and low-alloy types in my 
own experience has indicated that by far the 
great majority of these breaks are in the ingot 
before it enters the blooming mill, and up 
to that point, they do not involve this char- 
acteristic of hot-workability. They are essen- 
tially casting cracks. 

They may occur at various stages prior to 
rolling. They may occur before the ingot is 
removed from the ingot mold, or they might 
occur in the soaking pits or during cooling 
before the ingot is charged into the pits if 
charging is abnormally delayed, and so on. 
We are all familiar with these various causes. 

It seems that there is a basic difference 
between this characteristic of certain types 
of steel, and the characteristics revealed by 
the hot torsion test. Specifically we might 
refer to the effect of carbon content. 

I believe it is rather a general experience in 
most of the mills that there is a rather critical 
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range of carbon content in killed steels at 
about 0.15 to 0.22 per cent e«arbon where 
ingot breaks are most severe. The tendency 
to show breaks in rolling is less with higher 
carbon or with lower carbon. This difference 
becomes most clear if we depart substantially 
from the range that I mentioned; for example, 
over 0.30 per cent carbon or under o.10, 
we find rolling with fewer breaks, which again 
we believe is due to the fact that the ingots 
had fewer breaks when they entered the 
blooming mill. 

I believe no such effect is brought out in the 
torsion test and it is quite natural it should 
not be, because it is a different phenomenon. 

One of the great values of Dr. Ihrig’s paper 
lies in the tremendous number of tests in- 
volved, but I think probably he will agree 
that there are also a tremendous number of 
variables involved, so that perhaps still further 
experience may be needed to arrive at final 
conclusions. 

Referring to Figure 14 of the paper, we 
find that the lowest or poorest curve on the 
chart is for an X-1335. In general, it seems to 
me that the curves would rate X-1335, X-1314, 
and X-1315 as being rather similar in hot- 
workability, but the X-1335 would be the 
lowest curve on the chart. 

When we start the subsequent hot-working 
of finished bars, for example, in forging, we 
may assume that usually the defects that 
have resulted from ingot breaks have been 
removed. We all know, unfortunately, that 
that is not always true, although the intention 
is that it shall be true. 

Citing specific experience on upset forging, 
there have been large numbers of heats of 
X-1335 made into upset forgings for shells 
with, I believe, excellent results; that is, the 
hot-working characteristics were quite satis- 
factory, although not quite as good perhaps 
as those of a 1045 steel. 

There has also been quite a contrary expe- 
rience in the making of similar forgings of 
X-1314, which would appear to be incon- 
sistent with the results of these twist tests. 


H. B. Emericx.*—The Jones and Laughlin 
Steel Corporation recently installed at the 


Aliquippa Works metallurgical laboratory 
hot torsion testing equipment very similar 
*Steel Works Metallurgist, Jones and 


Laughlin Steel Corp., Alquippa, Pennsylvania. 








to that described by Clark and Russ. We 
use a 2-hp., 25-cycle, three-phase, 220-volt 
special squirrel-cage induction motor, with a 
Speed-Ranger and single parallel gearhead 
having a range of 6 to 1, and a torque output 
varying with the speeds. This type of test 
offers an excellent means for establishing 
optimum hot-working temperatures for a 
large variety of processing operations per- 
formed on steels that are particularly heat- 
sensitive. Our work to date has been confined 
almost entirely to the resulphurized free- 
machining steels, both bessemer and open- 
hearth, and to straight carbon and low-alloy 
grades utilized in tube-piercing operations on a 
Mannesmann seamless mill. 

I agree with Dr. Archer that the test prob- 
ably has no applicability for evaluating the 
forgeability of unconditioned cast ingots during 
primary operations. Our experience has been 
that the breaks and tears that occur in primary 
rolling are about 95 per cent due to defects 
existing in the ingots. In a seamless piercing 
mill, however, where first the bloom is con- 
ditioned carefully, rerolled to a round, and 
in some cases reconditioned in the round, there 
is a fairly clean surface with which to work. 
Then, of course, the hot-working temperature 
becomes a matter of primary importance. 

Our main problem to date has been to find 
a tube to be inserted in the high-temperature 
furnace that will give a decent life at tempera- 
tures above 2300°F. We have used wrought 
18-8 stainless, 2-in. o.d., 1-in. i.d., and }9-in. 
wall, and the life has been very poor with 
temperatures above 2150°F.; that is, the 
number of tests that can be run on each tube 
before it fails is not very great. 

We consulted an alloy-casting company 
in an effort to secure a tube that would give 
higher life at these upper temperatures, and 
we now have a trial shipment of 38 per cent 
Ni, 18 per cent Cr centrifugally cast steel 
tubes that show some possibilities of giving 
longer life at temperatures in the neighborhood 
of 2350°, which is the range in which we are 
primarily interested. 

In the Clark and Russ paper, a great deal 
of emphasis is placed upon the effect of changes 
in the deformation rate on the equicohesive 
temperature. In Dr. Ihrig’s paper, the rate 
of deformation is stated to be 128 r.p.m. 
As Dr. Fetters has pointed out, this important 
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detail seems to have been overlooked in the 
Clark-Russ paper. 

If this rate of deformation is so important, 
I wonder about the advisability of standardiz- 
ing on one rate of deformation for all the 
various grades described. In Dr. Ihrig’s case, 
for example, how does the particular rate of 
deformation that he has chosen (128 r.p.m.) 
relate itself to the actual piercing rates on the 
mill for various grades and sizes of tubes? 

I have one other question for Dr. Ihrig. He 
made a point, both in the paper and in the 
discussion, that it is quite possible to obtain 
different values of maximum twist for various 
heats of the same grade of steel. I should like 
some elaboration of how knowledge of the 
variation in the maximum twist temperature is 
applied to seamless piercing-mill operation? 
In other words, if the author finds a heat of a 
certain grade of steel that shows a temperature 
of maximum twist 50° or 100° below that of 
another heat of the same grade, what steps 
are taken in the seamless mill to apply that 
knowledge in piercing the respective heats? 


K. L. Fretrers.—As Mr. Emerick pointed 
out, each plant has its piercers operating at 
different speeds, and most of them do not have 
the benefit of variable-speed mills, or mills 
that have a wide range of speed. It may be 
that certain speed ranges in this twist testing 
would give the better correlations with the 
particular piercing practice. 


F. B. Fotry.*—It seems extremely doubtful 
to me that the kind of test described in these 
papers by Clark and Russ and by Ihrig is any 
measure at all of the strength of these materials 
at these temperatures. 

It is doubtful whether any of them have any 
noteworthy strength of the kind we measure 
at room temperature. The postulate offered 
by Clark and Russ to explain certain observed 
phenomena and based on relative crystal 
and grain-boundary strength is open to 
criticism on a number of grounds. First of all, 
metal undergoing the very rapid type of 
deformation produced at the high temperatures 
in these experiments in a short-time high- 
temperature tensile test is probably not 
crystalline but amorphous at the time of 
fracture. 


* Superintendent of Research, The Midvale 
Co., Nicetown, Philadelphia, Pa. 


In other words, I suggest that atoms moving 
as far and as fast as they must move in the 
metal being subjected to such severe deforma- 
tion are not able to maintain their position 
in any fixed crystalline lattice. 

The atoms in metals undergoing mechanical 
work move distances that produce deformation 
that is measurable by means of instruments of 
the highest precision, if the loads be relatively 
very low, or are readily perceived by the 
unaided eye when loads are relatively very 
high. When the load is light enough to cause 
only a little movement of the atoms making 
up the crystal lattice, the crystallinity of the 
metal persists and ultimately, after a very 
long period of time, failure occurs with very 
little deformation through grain boundaries, 
which are the weakest points at elevated 
temperatures because of the normal atomic 
movement there incident to grain growth. 

When the load is high enough to produce 
continuous flow, the atoms, in the region of 
stress concentration, are set into motion so 
that the mass acts as a viscous liquid. Under 
these conditions the metal loses its crystallinity 
and there are no grain boundaries through 
which failure may occur. 

Between the two extremes, one in which the 
load is so low as not to move the atoms effec- 
tively within long periods of time, and the 
other in which the load is so great as to move 
all of them continuously out of their spheres 
of crystalline influence, localized decrystalliza- 
tion occurs. This local decrystallization happens 
in the neighborhood of the grain boundaries 
where movement of the atoms incident to 
grain growth tends toward decrystallization 
and involves layers of atoms at greater and 
greater depth within the crystals as the stress 
applied becomes great enough to throw the 
balance in favor of decrystallization. Under 
such conditions, there is a mixture of amor- 
phous, so to speak, and crystalline matter. 
It is to be understood that upon unloading 
movement stops and crystallinity is com- 
pletely restored. It is only while the metal 
is actually in motion that the described 
conditions prevail, and what determines the 
nature of the failure is the distance and speed 
of the movement. 

This mechanism of failure suggests itself 
as a result of the observation of crystalline 
behavior of steel subjected to hot-working 
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by rolling, forging and pressing. It is an 
observed fact that the austenitic grain size of 
steel that has been hot-worked and not treated 
subsequently is a function of the temperature 
at which hot-working ceased. This could 
result from one of two mechanisms of grain- 
size alteration. One of these would involve 
the mechanical “breaking up” by forging or 
rolling of the large crystals that grew at the 
temperature to which the steel was initially 
heated. The other mechanism involves the 
decrystallization of the metal by the forces 
applied in hot-working, which results in the 
destruction of the original large grains. 
Immediately deformation ceases recrystalliza- 
tion occurs with the formation of grains 
characteristic of the existing temperature and 
time. The first of these processes would 
produce, for one thing, austenitic crystals 
distorted in the direction of the applied 
working stresses rather than the equiaxed 
austenitic grains that actually are found. 
Only a process such as the second one could 
result in the equiaxed crystals of a size that 
decreases as the temperature of final hot- 
working decreases. This discussion is not 
concerned with ‘‘work lines” produced by 
drawing out segregates in the direction of 
hot-working. 

The rapid and violent distortion of the 
metal produced by the method used by these 
authors must necessarily develop the highest 
degree of decrystallization and plasticity. 
Naturally, the metal lends itself more readily 
to decrystallization the higher the temperature 
to which it is heated. The test is simply a 
measure of the ability of the metal to deform 
readily at high temperatures without rupture. 
The word “readily” is used advisedly. The 
readiness with which the metal deforms 
depends largely on the strength of the intra- 
crystalline cohesive forces at the temperature 
of testing. The readiness with which the metal 
fails may be due to weakening of the inter- 
crystalline cohesive forces by what amounts to 
liquefaction produced by heat intentionally 
applied for the test and by that resulting 
from mechanical work. 


C. Crussarp.*—About this question of 
equicohesive temperature, I should like to 
point out some results we obtained in the 


* School of Mines, Paris, France. 





metallurgical laboratory of the School of 
Mines in Paris, showing that resistance to the 
deformation passes through a maximum with 
increasing grain size. We found these results 
in creep tests under constant load. Of course 
the deformation rates were slower than in the 
high-temperature twist tests, and I will 
discuss further the validity of my results for 
the latter tests. What we found was the 
following: 

Plotting the creep rate (second stage) 
versus grain size (going from very fine grain 
to single crystals) the curve passed through a 
minimum for a grain size about 1-mm. diameter. 
If the creep rate is minimum, the resistance 
to deformation is maximum for this grain 
size. This could be understood easily if we 
think that creep implies two counteracting 
phenomena. 

First, the larger the grain, the easier the 
intracrystalline gliding, which explains the in- 
crease of creep rate with grain size on the right 
part of the curve. 

Second, the slip process creates near the 
boundaries a very high distorted zone, which, 
if the temperature is high enough, can deform 
as a kind of amorphous layer. This so-called 
amorphous plasticity has a more important 
effect; the greater the boundary surface, the 
finer the grain. This phenomenon explains 
the left part of the curve. 

Of course the grain size for minimum creep 
rate depends on the temperature and lead. 

I do not know exactly what the result will 
be for very high deformation rate as involved 
in forging processes, but care must be used 
in applying in this field the results described, 
because of a new phenomenon we were able 
to see—the plastic glide at high deformation 
rates follows different laws than at low rates. 
We have shown it in the following way: 

The first stage of a creep curve under 
moderate load is a regular parabolic curve, 
but if the load is high and applied abruptly, 
the creep goes on in a jerky way and the 
registered curve is stepwise; that means 
that the strain-hardening effect is very high 
under high rates of deformation, almost 
stopping the creep for a short time, during 
which a kind of recovery occurs, allowing a 
new creep to take place, and so on. 

These two phenomena (ratio between 
boundary and intracrystalline creep on one 
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hand and effect of deformation rate on strain- 
hardening on the other) may be sufficient to 
explain the hot-workability of pure metals, 
but forging of impure metals like steel imply 
many other complicated factors. 


C. D. Preuscu.*—Primarily, I had a 
number of questions but some of them have 
already been answered. Could the authors 
give us an idea of what they would consider 
a satisfactory number of twists for piercing 
or rolling quality, or for hammer forging, or 
upsetting? 

Some of the data that have been presented 
do not seem to agree exactly with our mill 
experience. Of course, many variables enter 
into this. The matter of metal working is to 
a great extent an art as yet, but I wonder if 
Dr. Ihrig could explain some of the con- 
tradictions that appear between our mill 
practice and the twist-test data? 

For instance, in Dr. Clark’s paper, there is a 
chart showing poorer workability for 18-8 
with 0.23 per cent sulphur than for the 25-12 
and 25-20 analyses. Our mill experience has 
been contrary to this. We have generally 
found 18-8 with 0.25 per cent sulphur to be 
reasonably easily workable, whereas 25-20 
and 25-12 are more difficult to handle. Also, 
in our forging operations we found an addition 
of columbium to 18-8 to be helpful rather 
than harmful to over-all workability. 

We have never been able to work 25-20 
at some of the temperatures that appear to be 
suitable as indicated by the twist-test curves. 
The curves seem to show that these steels 
should work satisfactorily at 2300° to 2400°F ., 
whereas our experience indicates better work- 
ability at slightly lower temperatures. 

There has always been a great deal of dis- 
cussion among operating men about the effect 
of soaking time. Has any work been done on 
that phase of the question by means of the 
twist test? 

Dr. Ihrig has shown the effects of nitrogen, 
and to some extent, the effect of oxygen on 
workability. Has any work been done on the 
effect of hydrogen? Have the effects of man- 
ganese over 2 per cent been studied? I refer 
to the range slightly over 2 per cent but not 
as high as the Hadfield manganese steels. 


*Crucible Steel Company of America, 
Harrison, New Jersey. 


Has any work been done with a bend test 
instead of the twisting test? Rather obviously, 
a bend test does not have the quantitative 
possibilities of the twist test, but I wonder 
whether it might be useful as a rough or 
convenient guide. 


G. H. Boss.*—I would like to ask sug- 
gestions concerning a difficulty we experienced 
recently while hot-flanging boiler plate. This 
metal, which was from two aluminum-killed 
open-hearth heats made in the same mill, 
gave no trouble during rolling by the manu- 
facturer. However, when we tried to hot- 
flange it, cracks similar in appearance to the 
sort usually associated with copper hot-short- 
ness developed. Numerous short shallow cracks 
appeared in certain areas, usually where the 
extension was biaxial; occasionally there was 
a long crack which cut through the plate. 
The cracks which, judging by their ragged 
path, followed old austenitic grain boundaries, 
all contained the blue oxide of iron. Before 
burning is suggested, let me say that this 
metal was never heated above 2000°F. Another 
company, while flanging sheets from one of the 
same two heats, had the same difficulty. 
One of the heats was analyzed with the 
following results: carbon, o.12 per cent; 
manganese, 0.56; phosphorus, 0.009; sulphur, 
0.030; copper, 0.12; tin, 0.002; arsenic, 0.004; 
nickel, 0.06. It is difficult to understand how 
such an analysis could be troublesome. 

In reference to Mr. Foley’s hypothesis that 
metals approach the amorphous state when 
rapidly hot-worked, may I mention the 
following? Some years ago I visited a plant 
making collapsible tubes. The tubes are 
formed top down from slugs of white-metal 
alloys a little thicker than a five cent piece. 
The die, where the slug is placed, is shallow 
and forms only the top of the tube. The punch, 
which is shaped like the tube except that 
the dead end has not been crimped together 
strikes the slug forming the thick-walled 
top part of the tube in the die. The metal 
in the remainder of the slug then forms the 
tube body around the punch in a sort of 
impact extrusion process. The metal runs 
up the punch in ripples. In motion, it looks 
like a liquid. It is not a true liquid, however, 


* Baldwin Locomotive Works, Philadelphia, 
Pennsylvania. 
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as it maintains perfect physical continuity 
and never splashes; no fluid could run up the 
wall of the punch body unless it wet the 
surface, which this does not. Obviously, this 
low-melting-point alloy has been heated to 
above its recrystallization temperature by the 
mechanical working. 


R. K. Kutp.*—Some information on Mr. 
Boss’ question regarding the effect of copper 
on pierceability can be found in a paper by 
Soler on surface defects.‘ An example is 
given of contamination of the surface of a 
tube by a bronze guide roll in the reeling 
operation. Large amounts of copper, as 
exemplified by localized contamination in 
the bronze guide roll, will result in hot-short- 
ness. Copper in limited quantities will not 
cause surface defects if sufficient nickel is 
present. 

Dr. Archer’s comments indicated that the 
hot twist test is of use primarily in deter- 
mining the pierceability of a specific type of 
steel or of an individual heat of steel. Could 
this same test be used to determine the hot- 
working characteristics of new analyses of 
alloy steels? Could data such as optimum 
temperatures for ingot breakdown be developed 
by the hot twist test? Have results of ac- 
cumulated data been used to determine forge- 
ability as well as pierceability of highly 
alloyed steels? 

This method of testing is quite useful 
because the data that is developed can be 
applied directly to piercing operations. It is 
hoped that increased experience with the 
test will broaden the scope of the application 
of the data secured from it. 


C. L. CLark and J. J. Russ (authors’ reply). 
We are appreciative of the numerous dis- 
cussions and regret that we were unable to be 
present in order to answer from the floor many 
of the questions that were raised. In order 
to have our closure as brief as possible, we 
will attempt to answer the questions: without 
reference to the individuals who raised them, 
as many can be answered in a more or less 
general discussion. 


*Metallurgical Engineer, Electro Metallur- 
gical Co., New York, N. Y. 

16 Soler: Trans. A.I.M.E. (1941) 145, 204- 
205. 


All of the results reported were obtained 
under a testing speed of 180 r.p.m. We have 
done considerable work on the effect of rate 
of twist and find in general that increased 
speeds tend to move the temperature of 
maximum twist downward but have little 
effect on the number of twists required for 
fracture. Likewise, all of the tests reported 
were confined to rolled or forged bars. Work 
done on cast bars shows them to generally 
exhibit the same temperature of maximum 
twist as wrought bars of the same analysis, 
but the number of twists to fracture is con- 
siderably less. This is probably due to the 
dendritic formation in the cast bars, especially 
those of the austenitic grades. 

We fully agree that the rate of deformation 
is of extreme importance in all high-tempera- 
ture forming operations, and it was entirely 
for this reason that we have standardized on 
the twist test, in which the speed can be 
varied over a wide range, for determining the 
proper temperature for the various hot-working 
operations. 

In the earlier work it had been planned to 
continuously record the torque during the 
entire twisting time but it was found that the 
torque value did not vary during the test. 
In other words, the torque value multiplied 
by the number of twists and divided by the 
speed of testing gives an accurate indication 
of the work required for rupture. The uni- 
formity of the torque value over the complete 
testing-time period has been confirmed by 
other investigators. 

Too broad generalities cannot be drawn 
as to the relative ease of hot-processing the 
various austenitic grades of steels without 
stating which of the hot-forming operations 
is being considered. Our own experience has 
definitely shown that types 302 and 304, 
when properly balanced, will definitely pierce 
more readily than 303, 321, 347, 309 and 310 
and this experience is confirmed by the results 
from the hot twist tests. 

It was not intended to imply that all diff- 
culties concerned with the hot-processing of 
steel would be eliminated through the deter- 
mination of the hot twist characteristics for, 
as it has been stated in the discussion, many 
of these difficulties may arise in the cast 
ingots and from other causes. It is believed, 
however, that defects arising from working the 
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metal either too hot or too cold can be cor- 
rected by this procedure. 

Because of the relatively short time the 
hot twist test has been in active use, it is 
recognized that many factors still remain to be 
investigated, and among these, of course, are 
the various practices employed for deoxidation 
of the steel during melting. It is understood 
that several companies are now conducting 
hot twist tests, consequently information 
should soon be available as to the effect of 
many variables pertaining to melting practice 
and chemical composition. 


H. K. Inric (author’s reply).—We agree 
with Mr. Schaeffer’s statement that “manu- 
facturers in this field (high alloy) have noted 
the difference in forgeability between heats 
of similar analysis,” and, “this variation in 
forgeability is extremely important, and 
no one who has worked with these steels will 
doubt its reality.” 

We have tried various speeds but have found 
little differences in the curves or temperatures 
of maximum hot-workability at different 
speeds. We believe that the speeds should be 
fast enough to be of the order of magnitude 
of large-scale operations. 

We have used the twist-test data to a 
limited extent for our own forging operations, 
but have correlated them to a much greater 
extent with our piercing operations, which are 
more important to us in the manufacture of 


‘seamless tubing. 


Mr. Binder says, “The authors of both 
papers have indicated that a marked variation 
in hot-workability exists between different 
heats of steel, especially in some of the high- 
alloy-content materials.” We have continually 
emphasized this experimental fact, but Clark 
and Russ have drawn conclusions on the hot- 
workability of steels based on tests of a single 
or only a few heats of steel. 

Mr. Binder raises the question of the 
influence of deoxidation on the hot-work- 
ability. In Fig. 5 we show the effect of silicon 
and aluminum in the deoxidation of carbon 
steels. Some work on the effect of manganese 
in stainless steels is shown in Figs. 10, 11 
and 12. It would be interesting to extend this 
to other steels and with other deoxidizing 
agents. 

Mr. Archer raises the question of the 


application of the hot-workability test to the 
rolling of ingots. It is difficult to obtain cast 
bars that are representative of large ingots. 
If the bars are cast individually, the crystalline 
structures and segregations are not the same 
as those in the ingots. If bars are cut from 
different sections of a large ingot, we would 
expect them to show different hot-workabilities. 
Such a study might be very informative, 
however. 

In our work we have carefully examined 
each bar after etching and have tested only 
the sound bars. The test was designed to test 
the hot-working properties of steels and not 
as a detector of defects in them. 

Mr. Emerick asks about the type of tube 
used in the testing furnace, We do not use a 
tube but merely set the heating coil in a 
plastic refractory cement. We have never had 
any difficulty with this part of the apparatus. 

He also asks what steps are taken in piercing 
two heats with different temperatures for 
maximum twists. In our mill all heats of 
critical hot-working steels are tested before 
piercing and the proper piercing temperature 
as determined by the test for each heat is 
used on the mill for that heat. 

We agree with Mr. Foley that it is doubtful 
that the twist test is any measure at all of the 
strength of steels at the temperatures used 
and that they have any noteworthy strength of 
the kind we measure at room temperature. 
Work done several years ago convinced us 
that torque values were not important. With 
Mr. Foley, also, we do not agree with the 
Clark and Russ theory of crystalline and 
intercrystalline strength at high temperature. 
In our discussion of their paper we have 
pointed out several experimental inconsist- 
encies with this theory. 

Mr. Preusch asks what we would consider a 
satisfactory number of twists for piercing or 
rolling quality. We have correlated thousands 
of tests with our mill results on the same heats, 
and from this experience we believe that a 
heat must show a maximum of about 50 twists 
for wholly satisfactory piercing in our mill. 
Between 40 and 50 twists, uncertain results 
are obtained, usually with poor yields, and 
with less than 40 twists poor results occur. 
This would not necessarily be the same on 
another piercer of different characteristics 
or operation. For forging and rolling, these 
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figures would be lower. It is well known that 
several steels that can be forged and rolled 
cannot be pierced successfully. 

Mr. Preusch’s experience with columbium 
helping the hot-workability of 18-8 steels 





is not in accord with our experience or any 
others that we have heard of. Such steel is 
much more difficult to pierce than 18-8 without 
columbium. 

We have soaked test bars as long as 8 hr. 
without showing any marked difference in hot- 
workability. In larger sections in the mill 
we have found it advisable to soak critical 
steels under 1800°F. and then pierce and roll 
them as soon as they reach their piercing 
temperatures. 

We have not studied the effect of hydrogen 


because of the lack of a quick and accurate 


method of hydrogen determination. 

We have not done any work with steels 
containing over 2 per cent manganese except 
the Hadfield type and the 18 per cent chromium 
8 per cent manganese steel shown in Fig. ro. 

We ran some hot bend tests a number of 





years ago but could not correlate the results 
with our mill operations. 

Mr. Kulp asks if the test could be used to 
determine the hot-working characteristics of 
new analyses of alloy steels. We have used it 


— es Boe: 
FiG. 47.—TYPE 430 STEEL, 2500°F. X 500. 


for this purpose many times not only for new 
alloy steels but for nonferrous metals as well. 
In every case our mill results checked closely 
with those of the test. 

Clark and Russ, in reply to our discussion 
of their paper, ‘“‘still insist that a critical 
temperature exists for each steel, after which 
the number of twists to fracture decreases.” 
They offer no experimental evidence to support 
this insistence. They say that in the example 
pointed out by us in their Fig. 8 the tempera- 
ture of maximum twists is 2500°F., but they 
do not give the data at that temperature or 
any above it to support their statement. 
They also do not explain their generalized 
curve D in their Fig. 3, which shows no 
maximum. 

They believe that the reason we did not 
detect cracks in the heat of type 430 steel 
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was because it was not examined at high 
enough magnification. It was shown at 35 
diameters to show more of its section, but 
was examined at higher magnifications also. 
Micrographs of another heat of type 430 steel 
are shown in Figs. 46 and 47. No intergranular 
cracking can be seen. This heat had 785 twists 
at 2500°F. before breaking. 

We note that they have partially agreed 
with us that the hot-workability character- 
istics vary from heat to heat of the same type 
of steel and that critical steels should be tested 
individually. This would necessitate a change 
in their conclusions in their present paper and 
one previously published on this subject. 

Clark and Russ in their direct discussion 
of our paper indicate that we have selected 
a wide range of analyses in our Fig. 3, some 
of which were even beyond the allowable range. 
All of these steels were large commercial heats 
submitted to Globe Steel Tubes Co. for seam- 
less tubing manufacture. Some were rejected 
on the basis of their twist tests. Certainly 
any new proposed test must be tried on other 
than heats in the middle of any chemistry 
range and conclusions should not be drawn 
except on the results obtained from a wide 
variety of tests. Their 18-8 heat shown in 
their Table 1 and Fig. 8 is also not within the 


allowable range for chromium for type 304 
steel. 

They say that we have misinterpreted their 
statements on their conclusions about maxi- 
mum forging temperatures. 

In their conclusions in both their present 
paper and the one published in Jron Age, they 
say that with a factor of safety of using 50°F. 
lower temperature than that indicated by the 
test, heats of any given type of steel may be 
hot-worked. No mention is made in their 
papers or in their conclusions that hot-work- 
ability varies sufficiently from heat to heat to 
necessitate individual tests on many steels. 
The necessity for this has been shown by actual 
data by us in our papers. Clark and Russ have 
finally admitted this necessity for high-alloy 
steels in their reply to our discussion of their 
paper. 

It is gratifying to us to see the interest 
shown in our hot-workability test as indicated 
by the large number of discussions and the 
many interesting points brought out in them. 
We realize that we have only started work in 
this interesting field, and that we and others 
will continue work to answer numerous ques- 
tions on the effect of variables on the hot- 
workability of metals with more experimental 
data. 
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Magnesium Alloys 
Superheating of Magnesium Alloys. By N. Tiner. (Metals Tech., Oct. 1945, T.P. 1935, with 
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Rates of High-temperature Oxidation of Magnesium and Magnesium Alloys. By T. E. Leontis 
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Soldering Technique. By R. H. Atkinson and G. P. Grants. (Metals Tech., Apr. 1946, T.P. 
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Effect of Copper and Some Other Metals on the Gold-germanium Eutectic. By Ropert I. JArree 
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Symposium on Extrusion 
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A Study of the Physical Properties and Microstructure of Sintered Steels. By GrorGr STERN. 
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Cvark, C. L. and Russ, J. J.: A Laboratory Evaluation 
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tation Changes during Recrystallization in 
Silicon Ferrite, 357; discussion, 371 
Some Aspects of Crystal Recovery in Silicon, 
Ferrite Following Plastic Strains, 373 


E 
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posilion of Austenite, 440 
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Grance, R. A. and Stewart, H. M.: Temperature 
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